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FOREWORD

This report was prepared by North American Aviation, Inc., Space
Division , under NASA Contract NAS9-4552, for the National Aeronautics and
Space Administration, Manned Space Flight Center, Houston, Texas, with
Dr. F.C. Hung, Program Manager and Mr. P.P. Radkowski, Assistant
Program Manager. This work was administered under the direction of
Structural Mechanics Division, MSC, Houston, Texas with Dr. F. Stebbins
as the technical monitor.

This report is presented in eleven volumes for convenience in handling
and distribution. All volumes are unclassified,

The objective of the study was to develop methods and Fortran IV
computer programs to determine by the techniques described below, the
hydro-elastic response of representation of the structure of the Apollo Com-
mand Module immmediately following impact on the water, The development
of theory, methods and computer programs is presented as Task I Hydro-
dynamic Pressures, Task II Structural Response and Task IlI Hydroelastic
Response Analysis.

Under Task I - Computing program to extend flexible sphere using the
Spencer and Shiffman approach has been developed. Analytical formulation
by Dr. Li using nonlinear hydrodynamic theory on structural portion is
formulated., In order to cover a wide range of impact conditions, future
extensions are necessary in the following items:

a, Using linear hydrodynamic theory to include horizontal velocity
and rotation.

b. Nonlinear hydrodynamic theory to develop computing program on
spherical portion and to develop nonlinear theory on toroidal and
conic sections,

Under Task II - Computing program and User's Manual were developed
for nonsymmetrical loading on unsymmetrical elastic shells, To fully
develop the theory and methods to cover realistic Apollo configuration the
following extensions are recommended:

a. Modes of vibration and modal analysis,

b. Extension to nonsymmetric short time impulses.
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¢, Linear buckling and elasto-plastic analysis

These technical extenrions will not only be useful for Apollo and
future Apollo growth configurations, but they will also be of value to other
aeronautical and spacecraft programs.

The hydroelastic responsc of the flexible shell is obtained by the
numerical solution of the cornbined hydrodynamic and shell equations, The
results obtained herein are compared numerically with those derived hy
neglecting the interaction and applying rigid body pressures to the szme
elastic shell, The numerical results show that for an axially symmetric
impact of the particular shell studied, the interaction between the shell and
the fluid produces appreciable differences in the overall acceleration of the
center of gravity of the shell, and in the distribution of the pressures and
responses. However the maximum responses are v-<thin 15% of those pro-
duced when the interaction between the fluid and the shell is neglected. A
brief summary ot results is shown in the abstracts of individual volumes,

The volume number and authors are listed on the following page.

The contractor's designation for this report is SID 67-498.
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ABSTRACT

The shell of revolution program described in this report was developed
as a basic tool to be used in the elastic, load-deflection analysis of shell
structures subjected to arbitrary loads and temperatures. The program is
applicable to most aerospace-type shell elements (e. g., boosters, reentry
vehicles, etc.) as well as ground-based shells.

The computer program is based on the numerical analysis presented in
Reference 1 and is restricted to linear-elastic thin-shell theory. The anal-
ysis utilizes Fourier series expansion technique to separate circumferential
variation of problem variables. A reduced set of shell field equations for
each Fourier harmonic of load results from using Fourier approach. The
finite difference form of the reduced shell equations are solved by a direct
matrix elimination procedure. Solutions for various Fourier harmonics can
then be summed to obtain the general solution for arbitrary unsymmetric
loads.

In using the program it is neceasary to select a mathematical model to
represent a physical shell problem, By introducing fictitious subdivisions
called shell regions, it is possible to analyse complicated shell configurations
as a series of shell regions of simple shapes, The procedures for connecting
shell regions require the satisfaction of boundary and junction conditions in
the program,

The computer program,which was written in FORTRAN IV and appli-
cable to the IBM 7090/7094 systems, was developed in a general fashion to
permit the consideration of variety of shell problems. Wherever possible,
time and space-saving techniques have been employed to simplify and reduce
the amount of input data to be supplied by the user, Various option techniques
have been used to permit more generality and still keep data input at a
respectable minimum. The solutions obtained from the program yield defor-
mations, forces, moments, stresses, etc., at each station of a shell region.
This output is presented in tabular form with an option for graphical plotting
of results.

The users of this program should be forewarned that the program is
only a tool and considerable insight must be used in relating results to an
actual physical shell problem. In turn, the results obtained are caly as good
as the mathematical model selected for the problem. The numerical proce-
dure used in the solution of differential shell equations is an approximate one
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(finite differences) and results must be interpreted in terms of round-off
errors that are inevitable when using approxirmate numerical techniques.

This repori is intended to supply the information necessary for the best
utilization of the shell of revolution computer program. Considerable detail
has been incorporated in this report to aid not only the engineer but also the
programmer in understanding the program, It is hoped that this information
will permit the modification and extension of this program to handle various
other types of shell response problems (e. g., dynamics, buckling, etc.).

This user's manual has been organized in three basic sections. The
first section (I) presents the theory used as a basis of the shell of revolution
computer program. For ease of reference, much of the numerical procedure
developed in Reference 1 is repeated together with modifications and improve-
ments that have been developed at S&ID, A general description of the
computer program is given in Section II, This section is intended to serve
as an aid to the user in establishing a mathematical model for a physical
shell problem in terms of the program format., Limitations and general
program characteristics are given, Section III gives information for the
detailed use of the program. Included are input data shell format, flow dia-
grams, sample data sheets, example problem, etc. As one becomes familiar
with the program, this section will probabtly be the most used since it gives
detailed instructions and characteristica of the program.
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I. THELURY

1.1 INTRODUCTION

The general numerical procedure doveloped in Reference 1 for the
analysis of unsymmetrical bending of shells of revolution forms the basis of
the computer program, Included in the program are extensions and improve-
ments to the basic analysis that were developed at SkID and are reported in
References 2 and 3,

The analysis is based on the general first-order linear shell theory of
Sanders (Reference 4), which has been assessed (Reference 5) as the "best"
of the many competing thin-shell theories in the literature. All pertinent
variables are expanded into Fourier series in the circumferential direction
which permit decoup.ed sets of ordinary ditferential equations in terms of
the individual Fourier components. Finite difference approximations to these
differential equations in the meridional coordinate then are solved using a
direct matrix elimination technique (Potter's Method) (Reference 6).

This section will present the general theory which forms the basis of
the computer program. Nomenclature and approach similar to that of
Reference 1 will be used together with appropriate modifications,

1.2 SCOPE AND LIMITATIONS OF THEORY ’

The shell theory on which the program is based is restricted to linear,
elastic, thin-shell theory, Implied by the above statement and other
assumptions introduced in the analysis are the following:

a, The thickness of the shell at any point is small compared to the
other dimensions of the shell,

b. Deformations of the shell are small compared to the dimensions
of the shell,

c. All portions of the shell deform elastically, obeying Hooke's law.

d. The shell is ""complete' as well as axisymmetric, i.e., its only
boundaries are at meridian ‘ds and inner and outer surfaces.

e. Each layer of shell material is asr ... 5 Lave two-dimensional
elastic isotropy with respect '» ° .. , tangent to its surface,
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but Young's modulus is permitted to be variable (and dilcontinuoui)
through the thickness as well as in the meriodional direction.,

f. Poisson's ratio is assumed constant in each shell layer.

g. Arbitrary loads and temperature distributions are permissible,
However, the present analysis is inapplicable when circumferential
variation of temperature is sufficiently great to produce appreciabie
circumferential changes in Young's modulus. In such cases,
average values of Young's modulus can be used to obtain approx-
mate results,

h. Redundant shell structures can be analysed only indirectly using
the program.,

i. The effects of transverse shear distortion are neglected in the
analysis, A procedure for including these effects is described in
Reference 7.

j. Instability is not considered,

1.3 SURFACE GEOMETRY AND COORDINATES

Material points in the shell can be
specified by means of the orthogonal
coordinates (s, 6 ,{ ), (see Figure 1-1)
where s is the meridional distance
measured from a boundary along an
axisymmetric reference surface, 6 is
the circumferential angle, and [ is the
normal, outward distance from the ref-
erence surface, In homogeneous slelis,
the middle surface aiways is used as the
reference surface; but when, more
generally, the Young's inodulus E is
variable, the reference surface is best
chosen so that

N OF

Figure 1-1, Surface Geometry
and Coordinates f;E dt =0 (1)

where the integration is through the thickness, (This choice, as will be seen
later, simplifies the constitutive relations of elastic shells.) If the shape of
the reference surface is given by r(s), where r is the distance from tne axis,
the principal radii of curvature are



Rg

h

r || - (dr/ds)zl -1/2

Rs

- -(dr/ds)zll/z/(dzr/dsz) (2)

Introduce th: nondimensional meriodional coordinate ¢ = s/a, where a is a
teference length; then, with ? = r/a, the nondimensional curvatures
w¢=alRg andwg = a/Rg can be found from the formulas

wg = |1 - (#3120 (3
wg= =LY + Y3 wg (4)

where
v= 7P (5)

/
In these equations, and henceforth, () = (d/d§) (). Finally, ncte the
Codazzi identity

we’: Y(wg-ue) (6)

and the relation
¢ = -
i.4 EQUILIBRIUM EQUATIONS
The components of membrane force per unit length, transverse force
per unit length, moment (about the reference surface) per unit length, and

load per unit area (assumed to be applied at the reference surface) are as
shown in Figure 1-2,

SRV AR
¢ Ya ¢ :‘ ¢ o ¢ (

&)

Figure 1-2, Forces, Moments, and Loads: a) Membrane Forces per Unit
Length, b) Transverse Forces per Unit Length, ¢c) Moments per Unit
Length, d) Loads per Unit Area

In the Sanders theory, the shearing forces N¢g and Ngg , as well as
the twisting moments M¢g and Mg, , ar=: not handled separately vut are
combined to provide the mocdified variables
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_ : - 4
Ngo = i(Ngg +Nog)+-i-(-ﬁ-!e--ﬁ—;—>(ugo -Meg ) (8)

and M £0 = %(Mgo +Meg ) (9)
With the elimination of the transverse forces Qg and QO' the equilibrium
equations of the Sanders theory (reference 4) can be written, for shells of
revoiution, as
. _i . 9 43 - ) . 9 ria - U |
dlag (pN; " +25(Ngg) p\:ol wg'ﬂ.(pugnwmge) P Mo |+
l [ —
Il -ve )..'L(u ge) + alpqg = 0 (10a)
a|-2 ¢ 2 3. (PM M
“‘lao‘""“ag(“Ng““ Ng l alaom"*ﬁ'(’“go““‘ge |+

-(f_’--a?lzu ‘“g’“ggl“z"":o (10b)

3 — 4
[55 (PMgHS%Ngo) - PMOI +
- '-.
Iﬁa'é mo)+5%(PM§e)+PM§9i- |
2pq =0 (10c)
1.5 DISPLACEMENTS, ROTATIONS, AND STRAINS

ap(ugNg +w0 NO) + a

The displacements and rotations of the reference surface (Figure 1-3)
are related by the equations

N ] g'=

& e

Q_Vg’ §U§] (11)
)

=1 1 W
Y RTCT

The membrane strains of the reference surface are given by

c .-:.‘.[.l.ﬂﬁ.q.w-y"e] (12)
[0
whereft g is half the usual engineering shear strain,
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% “
. v

Figure 1-3, a) Displacements; b) Rotations

Finally, the measures of bending distortion used in the Sanders
theory are

1 wp —wga) (L -?.!ln-vu)] - (13)
2t °)(pg% ot y

Then, by the usual Kirchhoff hypothesis (" normals rermain normal"')
and the neglect of terms of order {/Rg and {/Rg relative to unity,. the
longitudinal, circumferential, and shear strains at a distance [ from the
reference surface are

¢€ +§K§
(o+§"°

‘o +§K§° (14)
respectively,

1.6 CONSTITUTIVE RELATIONS

Neglecting, as usual, the effects of stresses normal to the shell
permits the stress-strain-temperature relations to be written as



¢§+(J‘§ = ('5 -vco)/E‘-Hl'T

(°+ t,“os (qo .VUG)IE|+0T

(§°+€'“§0= (1 «|-\»)/E2|treo (15)

where the temperature change T may vary withy, as well as with ¢ and @ .
The Young's modulus E and the thermal expansion coefficient o will,
however, be permitted to vary only with ¢ andg. The (modified) forces

and moments are approximated closely in the shell by the iollowing integrals
through the thickness:

Ng=[¢r§dg Mg=[§0’§dg

N6=[¢9d§ Mezfgo’od;

Neo™ | 0t Mo [t 2t (16)
Then, with the use of the defining relation (Equation 1) for the reference

surface, together with the assumption of constant Poisson's ratio, it is
found from (Equations 14 through 16) that

Nl 3 =§E-VN°+ fEang
[Ear [Eat

2No-vNe  |EoTdg
[Eat Edt

‘e

¢§9=___§.§(“")N (17)

and
M - vM d
x§ = ¢ g+jLEaT ¢
[iEdr [ g2Ear

o’Mo- vMe f;Ea'rdg
Jueay  [i2ga:

‘co SAtviMeg (18)
szEd 4
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The complete set of field equations for the 17 independent variables
NlNalﬁelMglMelﬁolUlUOOWO W s € 5 € N PR
nc%w is givogn by the equati&ns (10-13, 17, :%d lé). 87 g8 "t 0 >0

1. 7 FOURIER EXPANSIONS AND NONDIMENSIONAL. EQUATIONS

The independent variables now will be expanded into Fourier scries,
with appropriate normalization to provide nondimensional Fourier coefficients
of roughly comparable magnitudes for the different variables. Letting %
be a reference stress level, Eg a reference Young's modulus, and hg «
reference thickness, solutions of the field equations will be sought in the
following forms:

Ng‘“oho z tg(n) cos nf
n=0

®
Ng=9,h, Z to(n) cos n6
n=0

ﬁ€e= o ,h, 2 tga(n) sin no (19)
n=]

3 [+
M £= oho 2 mg(n) cos nb
a n=0
[+ 1]
o h.3
Mg= oao z ma(n) cos nb
n=0

a

3 ©
ﬁ§e= othz mge(n) sin no (20)
n=1

¢ ]
Ug=— Z ue(") sin n@
n:

ag
2 — wi® cos né (21)
E o n=o
- 7 -



These Fourier expansions

90

are consistent with loadings of the forms

@
= Zolts }_, p(n) (¢£) cos né6
a n=0
S LY: E P (n) (£) cos nb
a n=0
N oohy, 2 pa(n) (£) sin no
a pz=l

(22)

(23)

(24)

(25)



and a1 temperature distribution

T=Y T (£, cos no (26)

[\

n=o0

The various field equations now can be decoupled into separate sets
for each Fourier index n; for convenience, the superscript (n) on Fourier
coefficients will be omitted in the equations that follow, The equilibrium
equations (Equation 10) lead to ‘
te'ty(tg - to) + (n/p)tgg+ M2 |w§m§' +
ng(mg - mg) + (n/2p) (3W§-ua)mgel + Pg = 0
t ge’+ 2¥t¢g - (n/P)t g+ A2 I-(nlp‘)weme +
| 1 ’
-2(3009- wg)mge’ + 3 IY(3“’9+ we) - we Jm§6,+pe =0
’“’g“e- (nZ/PZ)! mg -Yme' + (Zn/P)mge’ +
(ZYn/P)mge +p=0 (27
where A = hy/a, and use has been made of the geometrical identities Equa-
tions 6 and 7). The relations (Equations 11 through 13) give
¢g= -W,-l-wgug (282)
¢6= (n/P)w+wgug (28b)
e 3 =y §'+ wgw

eg= ‘n/‘p)ue.', Yu e +wgW

ego=L[ug’- vug - /phug] (29)



kg=¢§' k9=(n/t’)¢o+ y‘t

keg = %' ~(n/p )8, Hy Yo, +

g ~ug Mtmag/p) + ug! +v ] (30)

and finally, the constitutive relations (Equations 17 and 18), inverted to give
forces and moments in terms of strains and bending distortions, lead to

tg + b(eg +v eB) - tT(n) te = b(ee +V eg) - tT(n) (31)

tE(, = b(l -y )ege

-

and
mg = dik, + vkg) - mp(®) . (32a)
mg = dlk + V) - mq(n) (32b)
meg = Al = vik, o (32¢)
where '
. Ed{
= - . 3
E h (1 -v? (33)
I
= (34)

TE h (1 -v?)

el = M (35)

O‘Oho(l -V)

(n) _ a]CEa'r(n)dg
o °h°3 (1 -v)

mT (36)

(Again, the superscript (n) on tT("’ and m'r(“) will be omitted henceforth, )



For each n, the set of fieid equations for the 17 Fourier coefficients
tgo tpn t, mgn men ’ ‘-.1 » Ugn, wl¢. gn ¢e: eg, €., €¢tp, kgo k’O' kgo
now is given by the 17 equations (Equations 27 through 32):°

It may be remarked at this point that the Fourier expansivns (Equa-
tions 25 and 26), which are symmectrical about 8 = 0 for q, q;, and T and
antisymmetrical for q  are not the most general that could exist. For
full generality, these expansions should be augmented by the additional
series

g = Zehe z B(n) (¢) sinne
a n=l ’

g, =T 2. %™ (6) sinno
n=1

a

h,
CPRERE i By'™) (£) cos ne

a n=0
o)

T = 2 T(n) (¢,2) sin np (25a)
n=l

In this case, the form of the shell field equations can be obtained by setting
the Fourier harmonics (n) to negative values in Equations 27 through 32,
These effects have been neglected in this program but can ve included with
minor modifications of the program.

1.8 REDUCTION TO FOUR SECOND-ORDER DIFFERENTIAL EQUATIONS

The set of field equations obtained constitutes an eighth-order system
that can be reduced, in a conventional fashion, .to three equations in ug, ug.
and w., PBut a more attractive procedure is to derive four differential
equations, each of ser .nd order, in the variables ug, ug, W, and m,. In
so doing, it is necess.ry to ¢liminate mg by means of the relation

mg =vmg + d(1 -vz')ke-(l -v)mrp (37
in order to prevent the ultimate appearance of derivatives of order higher

than two. Then, substituting Equations 37, 32¢, and 31 into Equation 27
and using Equations 28 through 30 to eliminate the membrane strain and

.ll-



bending distortion gives three of the desired equations; the fourth (quation
is given by Fquation 32a, again with k(_‘nml kg expressed in teoms of
the displacements, The resultant set then can be written as
aug ¢ -tzug + asug tagug t agug t agwyt
agw + agmg’ + agmg = C)
ajgug” + ayjug + 312“00 tajgug’+ajquy +
] .
ajsW +ajw +ajgwtajgme =Cp
P 7 ¢ ..
2119\1g + 3‘20“;, + 321\1(, + azaug +az3ug +
:124W” + azsw, + azew + az7m§’ + azgmgl +
azgmg = C3
¢ ’
a30u§’ + azpeg + agpug + azzw +azqw +
azsw + agemg = Cy4 (38)

where the a's and ¢'s are given in Appendix A, Thcse equations can be
written in the matrix form

Y / )
Er +Fz +Gz=e (-9)
where
B uﬁ-
u
z = 6 1-40)
w

«12 -



and

— — — —
ay 0 0 0 a a4 ag ag
0 aj2 a5 0 ajg a3 aje O
E = =
Y az) azq azy 819 a2z a5 azg
0 0 azz3 O azop O azqg O
S pu— S —
33 35 37 39 Cl
aj] aj4 217 238 c2
G-= e=
a0 223 a6 ‘229 C3
a3} a3z aszs azg L°4 (41)
A — =

1.9 BOUNDARY CONDITIONS

In the Sanders theory, the expressions for virtual work per unit
length at the boundaries s = 0,8 are

A A
FINU+ N U +Q, W+ M8 ,) (42)
where
ﬁgo = Ny I"""'Re’ - (1/2R )I (43)
an’
N — /
Qg = (1/ae) [(ar2 )e M) + 20 M, 13 0) - ¢ Mg (44)

are "effective'' membrane and transverse shears, respectively, per unit
length. (See Figure 1-4.) This form of the virtual ‘vork indicates the
kinds of boundary conditiong that can be imposed; thus, either Ng or Ug
may be prescribed, either N, or U, may be prescribed, and so on; or,
more generally, Ny and U; may be related through an elastic coastraint
against meridional “displacément; and analogous constraints can link Ng 0
ard U Qg and W, and M£ and 0£ Letting

-l13 -



g‘ge =0, h, i ng (n) sin ne

n=l
2. A

6§ =y hy z ig‘n) cos ng
n=0

gives (dropping superscripts)
?ga = tF,O * (XZ/Z)(%"B - me)mge
A
£ =)‘Zlm§' 1-\{(;«::g -m°)+(2n/P)m§e] (46)

TChen the boundary conditions just discussed always can be written (for the
nth Fourier components) as

Qyt+Az= 4L (47)

where

ys= Qg

(48)

Figure 1-4. Effective Boundary Forces and Moment
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and where § and A are appropriate diagonal matrices, and £ is a given
column matrix. (For example, if u; is given, the first diagonal element
of 2 is zero, that of A is unity, and the first element of £ is the pre-
scribed value of ug; if there is an elastic constraint on u;, then the first
diagonal element of Q is unity, that of A is the appropria%e constraint
coefficient, and the first element of £ vanishes.) But now it is desirable
to express the boundary conditions entirely in terms of z; from
Equations 28 through 32 and 37, it follows that

= ’ + -
tg blug +bzug b3“6 + b4gw - tT

A

t = b5u§ + b(,ue' + bug + bgw' + bgw

;]

A ’
- /
fg = bloug + buu6 + blZ“e + bjgw + bjgw + blg',mg

4

+ bl6m§ + XZY(I -y )m'r (49)

where the b's are given in Appendix A, These cquations, together with
Equation 28a, give

y=Hz’+Jz+f (50)
where
— - — —
by O 0 0 -tT
0 bg bg 0 0
H= f =
0 by bz bys Zy(l - vImp
0 0 -1 0 0
i i L ]

bs b7 bg 0
bio bi2 bl4a blé
wg 0 0 0 (51)

e -
Hence, the boundary conditions (Equation 47) can be /ritten as

QHzZ +(A+QX)z=0-0f (52)

- 15 -



1.10 SINGULAR POINTS (APEX CONDITION)

If the shell has a pole (i.e., r = 0), coefficients in the gove.aing
differential equations become singular. An improved procedure for
handling such conditions has been ocutlined in References 8 and 9 and is
used in the analysis. The boundary conditions at the apex of a closed
shell of revolution are described as follows for each Fourier coraponent (n)

u§ =u°=w'=wg'=0 forn = 0
u§'=u§+u9=w =m§=0 forn = 1
ug =ug =W =w =0 form =2
ug =uo.=w =m§=0 forn 2 3

These special conditions can be cast in a matrix form identical to
Equation 52. For this case, the matrix A + Q2J is not of a diagonal form.

1.11 DISCONTINUITY CONDITIONS

The differential equations (39) are not valid at points in the shell in
which discontinuities in geometry (and hence in the coefficients) occur;
furthermore, z itself is ambiguous at a discontinuity in the inclination of
the reference surface, where the directions of u; and w change abruptly.
Accordingly, special transition equations must be derived which relate z
and its derivative on either side of a discontinuity.

In Reference !, the special case in which reference surfaces coin-
cide across a discontinuity was considered. (See Figure 1-5.) A more
general condition, which was treated in Reference 2, occurs when
reference surfaces do not coincide at discontinuities. This type of ccn-
dition is considered for this program and will be referred to as eccentric
discontinuities., The effacts of external line load end moments applied at
the discontinuity are included in the analysis (Figure 1-5). A typical
eccentric discontinuity model is sk-wn in Figure 1-6. Roman numeral
superscripts refer to shell regions; thus, for the example considered,

I1 denotes values beyond and I values ahead of a discoatimuity. The con-
conditions of geometrical compatibility are {Figures 1-5 and 1-6)
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Figure 1-5. Discontinuity Figure 1-6. Eccintric
Conditions Discontinuity Model

ugn = |u§I + Ecc‘g[ l cos -« wh siny

uen = ual + Ecc¢6 I

(53)

wil = Iugl + Ecc‘bglluinq‘ + wl cos ¢

Im_ . 1
e T
where E.c is the dimensionless eccentricity of the participating reference
surfaces measured along the radius of curvature behind the discontinuity
point. It can be noted in Figure 1-6 that a positive value of E_ . corre-
sponds to an abrupt increase in the radius of a parallel circle as one
proceeds in the direction of increasing £ . Equilibrium requires that

ten = tgl caosy - fgl sin y + Ppy sing,
AL _A 1l
tge -tge
(54)
/i\g I = tgl siny + fgl cos § -PD cos Yo

I 1 Ecc

—cc 1
mg =m€ - AZ tg ‘MD



where PD

externally applied line loads and moments; i.e,,

Tl
o
0

Mp =

h @O
o -
~2 \ P~ CO8Nn6
et D
n=0
3 @
“o“.;_ S‘ M
N - pcosng
n=0

and Mp are Fourier cocfficients of series expansions for

The information in Equations 53 and 54 is reproduced in the

equations

I I
Yy = ey t+ @ PD

21 25 2 +meyl + wMp

= -
cosy 0 =-siny O
0 1 O 0
¥ =
siny 0 cosy¢y O
0 0o o0 1
0o o0 0 0
0 (we )).I n/pj 1 0
0 O 0 0
0 o 0 0
i 0 0 0 cosy
0 o 0 O
=E¢..
0 0 0 siny
1A% 0 0 0

(55)

(56)

(57)

(58)

(59)



g
"

0 (60)

-1 | (61)

Combining Equations 55, 56, and 50 then provides the equations relating
(ML, (2N, and 2

[ ’
HI (210) + |30 wow 31 2T wHl(a]) = ®oPp+ o el - (1 (62a)

2l =4 ;1 +a-e[ Hizl + 2311 +oefl + 7 MD] (62b)

where the Roman numerals I and II mean that the matrices H, J, and f are
to be calculated from Equation 51 on the basis of shell properties just
behind and ahead of the discontinuity, respectively. The equlibrium
equations (39), the boundary conditions (52), and the discontinuity condi-
tions (62) will now be cast into a unified set of appropriate finite-difference
equations suitable for numerical analysis.

1.12 FINITE DIFFERENCE FORMULATION

A finite difference technique will be used in the solution of the shell
equations. In treating complicated shell configurations, it will at times
be necessary and convenient for analysis purposes to divide the mathema-
tical model of the shell in combinations of smaller region. The dividing
line between regions is usually selected at discontinuity regions. (See
Section 2.5.) In the finite difference formulation, the path region will be
subdivided into (NP.1) equnl increments of length AP, NP corresponds
to the number of station or pivotal points considered for the region. The
pivotal points are identified aiong the meridian by the integer index i, starting
fromi =1 at ¢ = 0 (station 1) and proceeding to N-th station (i = N) occurring
at the endpoint of the region (see Figure 1-7).
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01 2 3~ Al
N-2 .1
N -1 /J
N 1
2
ua
Region
*—— Region®
N-1
N (Fictitious Point)
N +1

Figure 1-7. Meridional Grid Points

The regions are designated by Roman numeral superscripts I, 1I,
etc., and discontinuity stations by i = JP, For the discontinuity junction
illustrated in Figure 1-8, the discontimity J! would correspond to station
i = N of region I, jlI stationi = 1 of region II, etc. The increment &
can be varied from region to region. Thus, it is possible to introduce
fictitious discontinuities wherever a change in increment size is considered
desirable.

The differential equations (39), boundary conditions (52) (excepting
the closed apex condition), and discontinuity conditions (62) are written
in finite difference form at all stations on the basis of the usual central
difference formulas

2{ = (zi+] - 2%f + zi.1)/a2
z-l' = (2i41 - zj-1)/ 24 (63)

where the A must, of course, be the one corresponding to the region
associated with the station i.

Applying the above expressions at the endpoints of a region (i = 1, N)
results in fictitious points occurring outside the range of the region

-20-



(i.e., i =0,N + 1), Figure 1-8 illustrates the mathematical model used
at a discontinuity point with fictitious points ju"l and jlt1 resulting from
applicatica of difference expressions

Fig re 1-8. Finite Difference Stations in Discontinuity Region

The fictitious points can be mathematically eliminated by applying both
boundary (or discontinuity) and equilibrium conditions at the endpoints,
The details of this type of operation are described in Reference 2. In the
original analysis of Reference 1, a somewhat different approach was
utilized in that equilibrium was not satisfied at endpoints, The improved
procedure of Reference 2 permits a more accurate representation of
shell behavior at endpoints.

In case of a pole condition (r = 0), the singularity does not permit
writing both equilibrium and compatibility; as a result, the procedure
must be modified for this case. The approach used for this special case
is to express derivatives at endpoints in terms of modified forward (back-
ward) differences. The boundary condition for a pole condition will be
written at i = 0 and i = N with the help of

zi=(-32) + 422 - 23)/24

ZN = (32N- 43N] + 2N-2)/2A (64)
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The order of approximation of these expressions is the same as the
usual central difference exprcssions and is usually more accurate than
simple forward or backward difference expressions used in Reference 1.

‘The convention will now be adopted that, at the discontinuity (say
P = 1), whenever zj is written without a qualifying superscript, it means
z %, then, whenever :u appears, it will be replaced by utilizing relation-
ship according to Equation 58b. Similar operations would occvr for
subsequent discontinuities, The results of writing the various difference
equations just described can be stated compactly {excepting for pole

conditions) as the following set of algebraic equations for zj (i = 1, 2,
3, ... N)

Ajzz + Byzy =g li=1)
A;zgy) + Byz; + Cizjop =gi(i=2, 3, ... N-1)
BNZN + CNzN'l = gN(i = N) (65)

Here, ati=2, 3, . ., . N - 1 the internal points of the region we have

>
e
]

(ZEi/A) + F;

o4}
|

i = -(4E,/a) + 24G;

0
"

(E;/a) - F;

where the appropriate value for A is used.

Ati =1, we have been using the procedure outlined above and
described in Reference 2 following

QH; @ H; _
2o, ¥ 23, 1

Ay = 1A

1

QH —-1—
Bl=Al+91J1+ 1'1Cc, B

11
24y
QyH; — .} -
gy =0)-9f) + ;Al C,"'24ye; (67)
1



andi = N

B = AN +32 NI - SNHN AN Dy

1 —_ g
Cy = - !NHN _QNHN AN'lCN
2aN.1  28p.y
Q
. N —-1

where the matrices Kl’—B-l’ -C-l and -AN' —EN' —CN are of the form of
Equation 66 evaluated at i - 1 and N, respectively.

At discontinuity locations jp. considerably more complicated expres-
sions for the matrices are obtaineu than are reported in Reference 1,
which arises due to the improved numerical model and the fact that eccen-
tric discontinuities are considered. The details of obtaining these
expressions are reported in Reference 2, As a result, the following
form of the matrices of discontinuity location is obtained:

I 1
H H 1,1 I
As = + )™ A
37 zall '\ 241
H -1 .1 el -1 I
B, = ——) . ()t B, | & (=) (Al)y" BRI iaes? |o [Y]
-1
- lx] (al)y”" .8l
-1 1 1 -
24all 28l 24l |
. [x! (al)”" ct x|
1 a | i .
g = -H_ ). (ciy! I gll [H ) aL)-1 1 pllsed
f = g g
24 24
1,1 1
- lxl aht gl ,LI (69)
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where

. H!
X| = (Mbe-y).
| 2aT
¥| = a1 (2 ssed]) - u !
L] = theo gy dy I (70)
The Af B, C, and g matrices in Equation 69 are given for either points

_11 or j© by Eauation 66 with tl:e approvoriate superscript attached to E, F,
G and &, At station just past a discontinuity (j¥ + 1) the matrices mus:
be modified as follows: *

Hl :
el il pe—=  (al)-! gl
b_]+l = Cj+1 {[4‘+*J, < Jal * (A*) " . B J

el -
= [1+ Al 1cl] Py,
24l ‘

]
% '*H -1
=gl - cll sl . cf}y [ - (Al gI]

Bj+1 = Bj11 T Ui+l
i -1 1 ]
+cll P2 vy al) -t HxD (71)
LRI IPYN ||t

1.13 MATRIX SOLUTION OF DIFFERENCE EQUATIONS

The set of matrix equations (65) will be solved by essentially the
same formal procedure that is used in Reference 1 for the analogous
equation for the case of axisymmetric lozdire of shells of revolutior; this
procedure is actually equivalent to solution by the method oi Gaussian
elimination used in Reference 1 for the same axisymmetric loading prob-
lem. In its most primitive form, the Gaussian elimination technique
would proceed 25 follows: the first of Equations 65 would be solved for
z] in terms of z2; this result would be substituted into the next equation,
and z2 would be found in terms of 23 and so on; finally, the very last
equation. together with the result for zN.] in terms of zN wo.ild determine
zN and then all of the z's would be calculated in reverse ord:r. A ininor
modification of this method is desirable, however (and sometimes essen-
tial), in the treatment of Equation 65 for the matrix B, sometimes may be



singular.®* Accordingly, the soluticn is started by the simultaneous solu-

tion for z, znd 7y, interms of z, and ti:en proceeds as just described.
From

Alaz + Blzl = ].',l
Bzzz + c&"l = g2 - 1\253
it follows that
-1 -1 -1 -1
z =- {BC, "B - All ‘Blcz A2z3 - B1C, 82 t g (72)

Now write the general result for z; in terms of zj4} as
z.=-Pizigtx; (=12, ...N-1) (73)

Then, the substitution of z;_; = - P;_)3; + x;_) into the general equation
(65) provides the results

-1
P; = lBi - Cipi-ll Ay

X; =‘Bi- cipi_lld lgi- ci"i-ll (i=2,3 ...N-1) (74)

*This occurs, for example, in the case of a clamped edge, with
ug =u9=w=¢g = 0; then

giving
F - o - r— -
/(O =0 0 1 1 00 0
0 1 0 1 0 0
Qo= Ao = By =
0 1 0 01 0
L— -t e J b vl

which is singular,
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The recurrence relations (Equation 74), with the initial from (Equation 72),
P,: lalc;_-l B, - A1| -1 ¢yt Ay
IB -l "1 'l
x2 = |B)C27" Bz - A BiCz "g,-g (75)

then provide all the P'e and x's up to Pyy_; and x)_). Substitution of
zZN.]1 = - PN.] 2N t xN.| into the last of Equation (66) then gives

N = IBN - CNpN_ll -1 'gN - chN_ll (76)

and then zyy_,, ZN_2 + ¢+ ¢« 3] Can be found from Equation 73, Finally,
z( is given by

z) = Cz'l Igz - Azz1 - Bzz3| (77)

Thus, the only matrix inversions involved in the solution for all the z's
are of 4 x 4 matrices, and the process is very well suited for rapid
machine computation. The zj obtained at a discontinuity station is, of
course, rcally zl. The value of z!! at this point can be evaluated from
Equation 62b. For a singular or pole condition, a slight modification in
the elimination procedure is involved to accommodate for finite difference
form (Equation 64) applied at an endpoint. The details of this procedure
are described in Reference 2.

1.14 CALCULATION OF STRESSES

Once the z's have been calculated, the stresses at any point in the
shell can be found, The stresses in the present solution are ob:ained
from the expansions

m

U-gz 2 Ug(n) co3 ng

n=0

2]

0= z Ue(n) cos n@
n=0

)

Tteg= z “ge(“) sin no (78)

n=1
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Inverting the constitutive relations (Equation 15) and using Equations 23,

24, and 26 gives

Eco

‘g(n) T ————
Egl1-v?)

Ec
0

we(n) .
Eo(1-v2)

E“O

(n) _
E, {1+v)

0’§6

o @ ¢ vegl®) +te ) v (n))

ee(n) +v eg(n) +.£'a- (ke (n) +vke(n)

()
[eeo(“’*-ﬁ-“ee n]

EoT(n
- ——

EoT(n)
l-v

(79)

Note that E, v , and T ap may depend on §, the distance from the
reference surface.

Using Equations 32a, 32b, and 37 (and, again, casually dropping
superscripts n) gives

kg'kae— 3

ko +vke = mg ;2[ _ v(mG:'nI) N (l-vz)ke

which, when used in Equation 79, together with the strain-rotation-
displacement equations (28 through 30), leads to

B ,g(n)‘
oo™ | - Ka' 4Lz toop (80)
_‘Eem_
B 0 0 0)
Ecr £y(1-v2)
K= 3 v 0 - — 2 o
E,(1-v%)
0 L3 |regs 0o - wp| LamF | e




Y s afe - LA 1} ] ad

[ R -
LX) [ v )tayg ] n l fher 48y l th-4)ind
A 1 IR - [ . - Vb . -

c—

RIS . ¢ e TNTTT
(Lz_)(;)l SR ES Y '-l v(‘ )|| . (~§;'*-s.»e| S |
(82)
B (n) |
Ea'ogm.r EoT
Eo(l-vz)ad 1-v
v T )
vE d‘ong EGT(n
Egll-v?)ada 'Y (83)
| 0 -

1.15 REMARK CONCERNING THE REFERENCE SURFACE

A substantial simplification in setting up the numerical analysis for
computation may result from the observation that, in the spirit of thin-
shell theory, errors of the order of the thickness in the specification of
the reference surface can be tolerated in the formulation of the equation
of equilibrium, It is recommended accordingly that the key georuetric
function r(s) be started with respect to a surface chosen simply according
to convenience anywhere in the shell wall. In other words, the condition
(Equation 1) need not be imposed insofar as calculations of { e various
geometrical parameters p, , . ,u. » and Y are concerned. Of course, if
Equation 1 can be satisfied easily'in these czlcuiations, there is no harm
in doing so; but when, for example, the same shell is to be analyzed for
several different temperature conditions with different resultant variations
of Young's modulus, it is not recommended that new reference surfaces
and new variations of P,wg , etc., be calculated for each case. On the
other hand, it is essential that the rigorous location of the reference
surface enter into Equations 34 and 36 for the nondimensional bending
stiffness d and the thermal moment mT. Similarly, the correct value
of L as measured from the true reference surface must be used in
Equations 80 through 83 for the stresses.



1.10 BRANCHING OF SHELL REGIONS

It has been tacitly assumed that the shell under consideration has no
more than two boundaries; a multiple-branch shell such as shown in
Figure 1-9a may be analyzed, however, by applying appropriate transition
conditions at the branch point,

Define separate families of auxiliary matrices pl, plI| plII I

x11 and I with the properties

I I 1
5= - Pi zi+l+x{
I _ 11 I
z; = - Plag +x;
I 1 1 1
z;, = - Pi znt X (84)

Figure 1-9. Branched Shells

where the superscripts refer to the separate branches shown in
Figure 1-9a. It is possible to start the calculations of PI, xI and PII, xII
at the boundaries of branches I and 1I and then leap across the juncture j
t< the calculation of PIII, xIIl, The reverse sweep for the calculation of
the z's then would start at the boundary of branch IIlI and, at the juncture
j» continue independently along the branches I and II back to their
respective boundaries. The details of this procedure are herein given.
This method can be extended readily to handle a multiplicity of branches
as in Figure 1-9b; it will not, kowever, be applicable to closed loops
(Figure 1-9¢c), which must be treated separately by traditional cut-and-fit
methods of indeterminate structural analysis.
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The mathematical model considered for the numerical solution of
branched shell problems is shown in Figure 1-10 with the possibility ol a
concentrated force Pp anc Mp applied at the juncture included. The pro-
gram has been set up to handle 4 shell branches meeting at a common
point.

Figure 1-10. Mathematical Model for Branched Shell

By analogy with the previous discussion on discontinuity conditions, we
may repeat here for branched shells the compatibility and equilibriurm
equations in the following manner:

)
ulg’ = u}‘g cos¥ M - M ginyM
ulev = uM
Compatibility: 6 b (M=1, Dor I
wiV¥ = u? sind M 4 M (oM
IV _ .M
¢ £ = ¢ £ ) (85)
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Equilibrium: IV . % M cosbM 4 M gin¢M . B sin¢0 =0
Y SR S

v M _

av _ M. oM _ M, 5 )
fg £1t§81n¢ é?cos\l’ +Pcos¢0 0

mI;, - g mM+M=0
=1 g

By recalling the definition of the y (Equation 48) and z (Equation 40)
matrices and introducing the diagonal matrices

1 0
1 0
B = 1 n= 0
0 1]
Equations 65 and 86 may be recast in the formulas for compatibility

and for equilibrium °
pylV 4 n2lV . § ppMy My nz2M 4 35+ M
=1

where

sindg
0 -
$= | .cosdg N=

0

- O O ©

3] -

(86)

(87)

(88)

(89)

(90)



Introducing Equations 36 into 88 and 89 and noting nf = 0; pf= f and
BV = ¥ £, we obtain:

for compatibility:
’
nbpy (217) + (r3py+8) SV anud’s (ng +091)
=N ann'+ (7\ Jyy + ¥ II) 21

=" Hmzm’ + ("I Jig +BY III) 2110
(91)

and for equilibrium

7 r'd
pHp(s'Y) + (BIpy + M)alV = ,ZI[W My 2M +(awM Ing + n)zM
+waM] -ty + 8B 4+TN (92)

A central finite difference scheme is used to obtain the numerical
solution of Equations 91 and 92 within the framework of the Gaussian
elimination procedure,

To eliminate the fictitious points (th y will I?e uaegnm calcR}ahng for
internal forces and stresses at junction) zj“ Rj1, iyl and zj4) that
appear, we utilize the equilibrium equations at the ends of the adjoining
regions of the juncture in a fashion similar to that used in the discontinuity
section. After substituting the expressions for fictitious points in Equations
91 and 92 and recalling the definitions of the A, B, and C matrices (Equa-
tions 52), we may write the rf6urnve equation equivalent of Equation 54 for
the branched shell, As (for j

= . plV v
P} j n+x (93)
where
1 |eHIV -1
PJ'IV Lyt 2a1y [I ) CIVAIV] [g (KM’] [ L1+ CIVAI\] l



. I
Iv -1 pHy -1 Hy -1
Xj :LM CIV glvcfvv{' z’ _—AM Y A fM
24 2aM
WM H)y, [ -1 IR “Hiv -1
- ———— Ay Cm +1] X5 I-l;: (K )[ Crv gy
Y M J 2 | M| 28y
AR\ A kL Cry + 1] xM°1 (94)
Zagy "IV BV - 3 ary IV G j
and
M
gy Hyy -1 M-1 M-1
KI\( = -—ZA—h-d—-—- AM Byt AM CM PJ + Pj
M -1
+[{BY JM +n MM
) By | 1 « nHrv WV - (
(BlJyzv +N)+ ~——C . B - » B 95)
IV 2agy IV CIV 2 5M |2y iv Bry
+(nJy +8 )] ‘
where
nHp -1 -1 M-1 . _M-1 M
MM= " AM BM+AM CMPJ +P +(nNIM+pBY )
M

For the remaining branch segments (i.e., M =1, II, III), the rollow-
ing recursion formula is used:

M M IV M IV M
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where

M -1 | nHv
Qj =MM ZA CIO Blv+(nle+ B)
IV
Hyy
M -1 n -
P =M I1-Ciy A
H H
M -l 1V -l M -}
x- =M - N C =N A .
v 81v M *° &M

H -
1M AMl Cpy +1] x}M-!
ZAM ‘
and (Myg) is given by Equation 95.
Thus, from a knowledge of P}_l, Py P - - - Pltanax! |,
X§Il - X;q'll. the calculation can proceed directly to the determina-

tion of the Nth shell region, P:‘ XN and then to the boundarv of branch N
in the standard fashion.

APPENDIXIA: FORMULAS FOR COEFFICIENTS

The coefficients &), a2 . . . a34 in Equation 38 are as follows:

a) =b
/
a2 =Yb+b
(1-v)bn2
ag =vb'Y - vbwg wg - bY?2 -—-lz--- A2d (1-v) |(14v)y2we?
2P

. (3‘»;= - we)ZnZ
g pe
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(L+v)bn  Aeédn(l-v)

Tt T (3w§ ~wp ) (3w0 -wg )

ay

ag = — - (—-——&-—F—,—) (Ytn) - - 5 -

3w A%d (1-v)yn [(3‘»& ~og ) Bug -uy )

ag = b(wg tvwg )t A2d(1-v) [(I‘H')szg + (n2/2p2) (3W€ 'WO)

a7 =b‘u£'+ Y(wg-ue)l + b/(wg + vwe)

2 -y 2 _—w
_Ndd-vivn [3—5-—-5—“ + (14v)wg ]

pa 2
ag = )\?' ug
2
ag = \ (I-V)ng
aj0 = - a4
bYn (1-v)nb’  22d(l-v)n
211 =—ZE—(3-V)- >p + ) X |- (1+v)Y wg “o

+-Y§- (61..:g wg" 7w§2 -3we 2) - ‘;4{- (5‘99 "3W§ )]

_)\zd/ (l=v) n
Y (3u€ -~wg ) (30)9 -wg)

b(l-v) A% (1-v) (Bug -, )2
aj2 = > + & >

-V 2 -y
a3 = (—1—3—> (Yb+b/) - }'ig(l—l(%e -wé) X [Zw'gl- Y (Swg "3’)9)

2./
A“d’ (1-v) 2
=g (3w -wg)
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= V) bné 14 v)og &
als = - yaps + () bugwg =5 -k 4 (1-v) (1+vdog “n
W W z
- _%_0_ (3w0 -wg) ]
2 ’
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paragraphs that follow are intended to aid in formulation of the problem

for program use and auzment the detail input instructions 1n Section III. For
ease of reference, FORTRAN instruction symbols uscd 1n the program and
related to the descriptive paragraphs are placed in parentheses following
paragraph titles.

2.2 PROGRAM CAPABILYI :2S5 AND LIMITATIONS

Before describing s me of the general program characteristics, it
will perhaps be worthwhi . to list some of the program features that are
not generally present in other shell analysis programs. Also included in
this list are limitations in the program that have resulted due to theoretical
restrictions, computer storage capacity, economic considerations, etc.

a. A shell structure having virtuall' any combination of abrupt
discontinuities in geometry, loads, temperature, and material
properties can be analyzed by breaking the structure into the
appropriate regions.

b. The main requirement in each shell region is that geometry,
material properties, loads, and temperatures vary smoothly
along the generatrix or meridian line.

c. As many as 50 (estimated) integrally joined shell regions can
be analyzed as one shell structure.

d. As many as four regions may be joined at one common junction
(branch point).

e. Line loads and line moments can be applied at junctions between
regions. The effects of eccentricity of reference surfaces
occurring at discontinuity junctions (juncture of two shell
regions) is automatically handled by the program. At branch
points, these effects can be handled by an approximate
procedure or minimized by appropriate selection of junction
point.

f. Laminated sHell structures consisting of up to three materials
broken into as mnany as six intimately bonded layers can be
considered by the computer program.

g.- All materials excepting Poisson's ratio can vary from layer to

layer through the thickness as well as along the meridional
coordinate.
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h. As many as 150 integration intervals (station points) can be
considered in c.ach region.

i. Curve fitting techniques are utilized to reduce amount of input
data. A second-degree polynomial {it is used.

j. Both unsymmetric surface load and temperatures can be applied
to the shell. The variation oi iemperaturec across the cross-section

can be continuous and piece-wise linear through each layer,

k. The numerical solution procedure allows for high accuracy
without excessive use of ccmputer time. (Arnproximate machine
running time 150 stations per minute for each Fourier harmonic.)

2.3 SIGN CONVENTIONS AND DIMENSIONS

The sign conventions used in the program are illustrated in Figures
1-1 through 1-10 in Section I. To briefly augment, the stresses o, T g and
membrane forces Ng, Ng are positive when th-v tend to produce tension and
negative when they are in compression. The moments M¢, Mg are positive
in sign when they tend to produce tensile stresses in the inner (bottom)
surfaces and compressive stresses in the outer (top) surface. (See
Section 2.4.) The extensional displacement u and transverse deflection w
are positive when the ¢ and ¢ coordinates, respectively, are increased.

In using the program. all data specified must be dimensionally con-
sistent. In the manual. the quantity P will indicate t« rce quantities (e.g.,
pounds) and L length quantities (e.g., inches). The program output yieids
results in force and iength that are consistent with th« innut quantities.

2.4 REFERENCE, INNER, AND OUTER SURFACES

The reference surface { = 0 is chosen such that the requirements of
E.uation 1 be satisfied. The _ross-sectional proverties are then evaluated
Yased upon this reference surface. As discussed in 1.15, a substantial
simplification is obtained when specifying key geometric functions (e. g.,

r, wg). if the reference surface is chosen according to convenience anywhere
within the shell wall. However, the .-hell stiffaess parameter should be
evaluated systematically along the lines discussed ia Section I.

It will be convenient to refer to inner and outer surtaces of the shell.
One can keep the inner and outer surface definitions clear by remembering
that in directior -f increasing value of £ the outer surface is on the left
and the inn- - = o~ the right when the geometry is drawn with axial
distance in: .. - fr <3 to bottom and radial distance frcm left to right
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as shown in Figure l1-1, Using the same description, the inner surface will
s« metimes be referred to as the ""bottom'" (BOT) surface and outer as the
Htop'" (TOP) surface.

2.5 SHELL REGIONS (EKK)

In solving a shell problem it is necessary to select a mathematical
mocdel to represent the actual shell configuration. It may be necessary or
convenient in establishing a suitable mathematical mndel for complicateu
shell configurations to fictitiously divide the shell along its length into a
number of "regions.'" Thus, the first step in the analysis of shell problems
is to delineate the ""regions' of the mathematical model. Ideally, this
division results in each region being a simple shell element, such as a
cylinder. sphere, cone, etc.

The main requirement in delineating a shell region is that shell
properties and loads vary smoothly along the generatrix or meridian line 1n
the region. Thus, the logical dividing line between regions would occur at
points on the shell where an abrupt discontinuity or a radical change in any
of the following exists: (1) geometry; (2) section or material properties;

(3) induced or surface loading; (4) temperature distribution; (5) other con-
siderations such as length to radius magnitudes; (6) combinations of

I through 5. The points at which these fictitious subdivisions occur are
called junctions. It will be convenient in the program to differentiate
between two types of junction points. The point where one region of the
mathematical model is joined to a single other region of the same mathe-
.natical model is termed a discontinuity point or junctien., (See Scction 1.11.)
Junctions where more than two shell regions meet at @ common point are
called branch points. (Sce Section 1.16.) It should be emphcsized that it is
absolutely essential in treating problems where abrupt discontinuitics in
shell properties (1 and 2 above) occur to introduce a junction point since a
unique solution procedure is required in such caszs. For convenience of
data input or change in grid increment (Section 1.12), fictitious-type discon-
tinuities may be introduced when desirable.

Theoretically, the limit on the number of shell regions per problem
is dictated by the storage ~apacity on the tapes used. Twenty regions have
been used without diffic y, and it is estimated that the capability for con-
sidering up to 50 regions i3 possible. With a structural mesh of 150 grid
points possibi: [Section 2.7), it is unlikely that such a large number of

regions is necessary in treating even the most complicated of eagineering
problems. 2 N >

The program code processes the region data in the orde~ in which the
regional data is introduced ints the input data deck of punched caris. The
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first region is known as region 1, the sccond region, regions 2, etc., cven
though punched cards do not carry the number designation of the regions.

The complete data information for a particular region must be inputted

before the subsequent region data can be considered. The sequence of input
of regional data must be consistent with the analytical solution of the problem.
The regions should be selected in sequence proceeding in a continuous manner
from one boundary to the final boundary. The procedure for handling
branched shell configurations (more than two shells ° "ning) is modified
somewhat in that data for each branch is input up to .ne common branch
junction point until the next to last branch is completed. The data for the
final or closing branch proceeds from junction point to the ‘inal end
coaditions, (See 2.10.2.)

The code value EKK represents the number of shell regions sel.cted
for a particular shell problem. The amount of regional data must coincide
with the value of “KK. The examples shown below indicate typical region
delineation for complicated shell configurations.

In Figure 2-1 a five-region shell configuration is shown where four
discontinuity junctions have been used to subdivide the mzthematical model.
Junction@ illustrates a discontinuity point where an abrupt change in the
shell section properties occur. A discontinuity of slope between the refer-
ence surface of two joining shells s illustrated by junction@ . At@ and @
fictitious subdivisions have been introduced where abrupt changes in load
distribution occurred. The arrows on Figure 2-1 indicate the direction of
increasing ¢ or station number and the sequence of data input. A six-region
branched shell is shown in Figure 2-2. The first discontinuity point
illustrates the region delineation when two shells of different shapes meet.
Branch points @ and@ represent common branch points where more than
two regions join. This example will be discussed in more detail in
Section 2.10 on junction points.

2.6 FOURIER COMPONENTS (SUM, ENFO, ENFI, ENFOR, TH:TA)

Thbe computer program permits analysis of shells suljected to
unsymmetric loads using a Fourier series technique. This approach des-
cribed in Section 1.7 permits the analysis of complicated locds by considering
the individual contribution of each Fourier componeat of the Fourier series
expansion of the load distribution. The total solution is obtained by summing
the Fourier components in the appropriate series expression in the
circumferential coordinate.
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Figure 2-2

Figure 2-1

When treating more than one Fourier component for a shell problem
the code value SUM is s=2t to a nonzero value. A positive value for the SUM
‘ndicator indicates the solution will be summed according to the series
expressions, Equations 1’ through 24, page 7. A negative SUM prints the
individval solution tor each discrete Fourier harmonic.
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The data value ENI'O represents the firgt and lowest Fouries har:nonic

(1IN}F) considered. Subscquent Fourier components are numbered in
increasing order in the ENFI(I) data region. Up to Il NI values arc per-
missible in this data region. If more than 11 Fourier barmonics arc to be

considered, the problem can be reformulnted for the rermaining harmonics
and the solutions added.

It may be desirable to test the convergerice of the Fourier series
solution to obtain intermediate prints of partial Fourier sums. This capa-
bility is possible using the ENFOR(I' data region where these intermecdiate
prints arc permissible. For example, if 10 Fourier compcnents are con-
sidered. it might be desirable to print the summed solut.ons for the tast
three harmonics to compare convergence of results.

In order to detr.rmine the value of solution at circumferential (THETA)
locations on the shell, the capability for evaluating the series expressions
at discrete THETA values is possible. This data region THETA(I) permits
a maximum of 10 circumferential solution printouts.

2.7 STATIONS IN REGIONS (EN)

The machine program achieves a shell solution by integration of finite
difference equations along the meridian or arc length distance of the shell.
The meridional coordinate ¢ on the reference surface has the range 0<¢=<¢.
for the j-th region. The number of integration points (called stations) 1ncated
in the region under consideration is assigned the EN code value. The
stations are equally spaced with the initial point located on the reference
surface at the beginning of the region designated station 1 {i = 1 or £ = 0) and
the last or EN-th station at the end of the region called statior N (i = N or
£ = ;). The numbering of stations proceeds in direction of positive
meridional coordinate assigned to the respective region. The maximum
number of stations permissible in a region is 150 (minimum 3). The regional
input data are specified at stations on the reference surface of each region.

The length of the finite difference ''lump" of shell is coraputed internal
to the program from the length or wrap distance and the number of stations
(EN) in the region. This finite difference increment of integration is defined
as DEL in the program and printout. Best results are obtained when the
finite difference increments are approximately the same from region to region.

The machine running time increases with the number of integration
steps consider~d rer region. The type of shell problem considered should
dictate the = _e of th: zrid mesh or number of stations considered. This
comes with experience and how the results are o be used. As a general
rul:, it is recommended that more integration intervals be used where rapid
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change in variables occurs along the length of the shell, Experience with
the program indicates that considering 100 stations is probably sufficient
for engineering type accuracy of the shell solution in most shell regions.

For extremely long shells (¢.g., cylinders), it may be necessary to sub-
divide the shell into more regions in order to obtain a suitable integration
interval.

2.8 GEOMETRY OF REGIONS (GMI)

Geometric parameters must be defined at each station location. The
sign convention for the curvature parameters, w¢, wg are illustrated as
follows: N

w¢>0 wg>0 %<0,me>o O$>0 ;0)9<0 "‘b<0)“’9‘0
L
8 ff 0 ; ; % ;
In order to assist the analyst in defininé the set of geometry parameters
with a minimum nuraber of input parameters, several options for specific

classes of geometries are made available, The options are described below
with their identifying code number (GMI).

<.8.1 Cone-Cylinder Option (GMI = 1.0)

This geometry option may be specified for a complete »ang =f
regional configurations generated by a straight line, e.g.. circular glates,
cones, and cylinders., A mia:mum of three input pa:ameters is reguired.
The input parameters requ.-ed are defined as iollows:

1. RA]} - Radial distancc from axis of revolution to the first
station (i = 1) of the region

2. AXL ~ meridional length of shell

3. ANX - angle the generator makes with the axis of revolution
Figure 2-3 iliustrates tl.e geometric parameters used in describing the <one
cylinder option. Both RAl and AXL are positive quantities. The parameter

ANX . give.a in degrees and is positive clockwise measured from the
gene:atc .o the positive X axis as shown in Figure 2-3.
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RAl}

axis of revolution

Figure 2-3, Cone Cylinder Geometry

2.8.2 SphLere-Toroid (GMI = 2.0)

This option may be specified for a complete range of regional con-
figuration generated by a circular curve. Four input parar. tors are
necessary for defining a sphere-toroid, as shown in Figure 2-4.

i
i=sN ~ ~SPHIO
/ ff RC 3 \/’
L g RC W)~
s PHIN ‘ i=N >Yi=1
L | _
center of curvature /—\)i )
ROFF

8 ROFF I

— axis of revolution =% - -
Figure 2-4. Sphere-To'z:oid Geometry

The input parametexrs are
1. RC - Radius of curvature of the gei. :rator

2. ROFF - Oifset distance measured from axis of revolution
to the center of meridional curvature
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3. PHIO - Angular position in degrees of the beginning of a region
measured clockwise positive about the center of curvature
from an axis parallel to the axis of revolution

4. PHIN - Angular position of the end of the region

2.8.3 Discrete Point Option (GMI = £3,0)

This option was developed for use on regions where the generator
cannot be described by one of the other options or where a curved generator
is given by a set of discrete points. As a consequence of various possible
ways the geometry may be supplied to the analyst, several variations of
input data format can be accommodated.

On a positive indicator (GMI = +3.0), the program will set up the
necessary geometric parameter from the input data which describes the
generator by discrete radial and axial distances. The input quantities to the
program are EM (number of points given), RIPT (radial distance from axis
of revolution at input points), XIPT (axial coordinates of the input points).
The set of RIPT and XIPT must include the first and last points of the region.
XIPT must be given in ascending magnitudes. On a negative indicator
(GMI = -3.0), the coordinates of the discrete points are given in radial and
surface or arc length, the surface length coordinate is input directly in the
XIPT locations.

An interpolation routine is used to obtain appropriate geometric
parameters at station points from the original input values. The parameters
such as curvatures are computed using finite difference forms of the station
set. A least squares method is used to minimize the scatter of these com-
putations. To hold the errors in curvatures to less than 10 percent, the
number of points described by RIPT ard XIPT should be at least as great as
the number of stations. For some situations such as locations of major
changes ir. the generator curve, it will be necessary to input a denser popu
lation of RIPT and XIPT. (See Figure 2-5.) Because of the difficulty
involved in the least squares and interpolation routines, extreme care must
be exercised in the use of this option in order to obtain an adequate descrip-
tion of shell geometry. A significant improvement in results is obtained
if the additional recommendations described below are adhered to.

When the meridional and circumferential radii of curvatures are
available, they can be input at discrete points and curve-fit to give a better
description of the curvatures. If possible, it is strongly recommended that
this capability be used since the errors in curvatures are reduced con-
siderably to better control curvatures and less input points of the generator
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Figure 2-5

are required. This data is input in the location RCURV and RCURY for
radius of curvatures Rg and RQ' respectively (Section 1.3). RCURYV and
RCURZ values must correspond with the points described by RIPT and XIPT,
This is an optional input to both GMI = +3.0 and GMI = -3.0. When no values
are input at RCURV and RCURZ locations, the curvatures will be computed
from the discrete point set of RIPT and XIPT.

2.8.4 Conics Options (GMI = 4.0, 5.0, %6.0)

Several options are made available for the conics class of generator,
Three classes of conics are treated: ellipse (GMI = 4.0), hyperbola
(GMI = 5.0), and the parabolas (GMI = +6.0). The parameters for the
conics are taken from the standard form (Figure 2-6).

In Figure 2-6, the coordinates X', Y' are the standard form
coordinates. The input quantities are as follows:

1. RFF is the translation distance of X' axis from the axis of
revolution.

2, SPNO is the clockwise positive opening angle from positive X'
to the first station location.

3. SPNN is the positive opening angle from positive X' to the
last station location.
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Figure 2-6

4, A is the semimajor axis parallel to the axis of revolution for
the ellipse and hyperbola, A is the distance from the directrix

to the focus for the parabolas.

5. B is the semimajor axis perpendicular to the axis of revolution.

2.9 END CONDITIONS (BCITP, BCIBM)

Four boundary or end conditions must be supplied at each end of a
shell region. From Section 1.9, these conditions are input in matrix form,
To simplify the amount of data input a boundary indicator code has been set
up to permit simple call of boundary support conditions. The value BCITP
defines the boundary indicator at the lst or top station (i = 1) of the region
and BCIBM the value at the last station (bottom) (i = N). Tke boundary or
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end conditions permitted by the code, together with the identifying code
number and mathematical description, are as follows:

BCITP or BCIBM
Code No. Type of End Condition Mathematical Equivalent
1 Free Support tg = ige = fg =mg =0
p Roller t§=ue=w=m§=0
3 Clamped (Fixed) ug = ug = w =¢§ =0
4 Simple Support ug = ug = w = mg = 0
(*’inged)
5 Symmetrical {or up = ug = fg =¢§ =0
Complete)*
6 Special Read Boundary Matrices
QAL
7.8 (to be defined) Space for additional
Boundary Condition
9 Closed Apex (r = 0) See Section 1.10 for
conditions
10 Branch Point
0, >10 Discontinuity Point

The identifying boundary matrices for often encountered external
support conditions 1 through 5 and 9 are internal to the program and can
be called by stipulating the correct code number. Space is available in
code numbers 7 and 8 to put in appropriate boundary condition matrices that
offer particular interest to the user. Specifying BCITP (or BCIBM) = 6
permits inputting boundary matrices 2, A, and £ (See Equation 47) directly
into the program, This option would be used when considering special
bouniiaries, spring support conditions, applied load or displacements to
boundaries. or any consistent set of end restraint conditions. The details

*Special condition when shell has a plane of symmetry ahout the normal to
the axis of revolution. Use only for axisymmetric loads (e.g., complete
sphere can be treated as hemisphere).
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of forrnulating these matrices directly are described .n Section 3.4.5. The
indicator value when set equal to 0 (or >10) indicates a discontinuity con-
dition occurring at the particular boundary location. The program
automatically employs the appropriate compatibility relationship as
described in Section 1.11. When the endpoint corresponds to a branched
junction point (more than two shells coming together), the boundary indicator
must be set at 10 and the program will automatically set the solution format
to handle branched configurations.

2.10 JUNCTIONS (GPSI, GECX, PD, MD, PSIO)

A junction occurs when one region of the mathematical model is joined
to one. two, or three regions of the same mathematical model. It will be
convenient to differentiate between two types of junction points. A detailed
description of discontinuity and branch type junction points is given in the
following paragraphs. Each type requires a different mode of soiution in the
computer program (Section 1,11 and 1.16). Also discussed below is a
description of external line loads and moments that can be applied at junction
points.

2.10.1 Discontinuity Junction

By our definition, a discontinuity junction occurs at a point where one
region of the mathematical model is joined to another single region of the
same mathematical model. Discontinuity junctions are usually selected
where abrupt discontinuities in shell properties or loads occur. however,
fictitious type discontinuities are sometimes introduced where change in
finite difference grid interval is described or for reasons of convenience of
inputting data. Types of abrupt discontinuities in shell properties that can be
accommodated by the »rogram are illustrated by considering in detail the
example shown in Figure 2-7.

Junction@(Figure 2-7a) illustrates a discontinaity point occurring
between regions II and III due to an abrupt angle change in reference surface
caused by two shells of different shape joining at a common point. The
angle ¢ is coded GPSI in the program and measures the change in slope,
i.e., the angle between the normals to the region meridians at the junction
point. The discontinuity angle GPSI is referred to the end of the region,
e.g., the | in Figure 2-7a would be part o1 the input data of region II. The
discontinuity junction@ characterizes a discontinuity point where an abrupt
change in the shell cross-sectional (including material) properties occurs.
The program will also accommodate eccentric discontinuities, i.e., discon-
tinuities where reference surraces at a discontinuity junction do not intersect
at a common point (see Figure 2-7b). The program automatically compen-
satzs for the couple generated by in-plane membrane forces in each region
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Tigure 2-7a. Slope Discontinuity  Figure 2-7b. Eccentric Discontinuity
(Discontinuity Junction 2 of (Junction 1 of Figure 2-1)
Figure 2~1)

not being coincident with each other. The eccentricity distance E.

(Figure 2-7b) is coded GECX and represents the eccentricity of reference
surfaces measured along the radius of curvature i the end point of a region
(e.g., region Il of Figure 2-7b). A positive value of E_.. corresponds to an
abrupt increase in the radius of a parallel circle as one proceeds in the
direction of increasing ¢ and station numbers. This positive direction is
shown by directional arrows in Figure 2-7. Foilowing a similar procedure
as described above, fictitious discontinuities may be introduced at p.ints
where abrupt variation of load occur or where change in finite difference
grid increment is desired.

The existence of a discontinuity junction at the endpoint of a region is
specified by the end condition indicator BCITP (or BCIBM). For a discon-
tinuity point, the indication values BCI1TP (or BCIBM) can be set <:qual to
zero or >1). The printout for a discontinuity junction is given by the vulue

1 x 1010,

-~ 55 .



To illustrate the use of end condition indicators and sequence of
data input, the following table has been prepared for sample problem shown
in Figure 2-7:

Table 2.1
Boundary ati = 1 Boundary ati = N
Region (BCITP) (BCIEM) GPSI1 GECX
1 1 G 0 E.c
II 0 0 20°¢ 0
III 0 0 0 0
Iv 0 0 0 0
v 0 3 0 0

2.106.2 Branch Junction

A branch point occurs when one region of a mathematical model is
joined to two or three regions of the same mathematical model, Tke program
will consider up to four shell regions or branches meeting at a common
junctior poini. In the analys.s of branched snells, a precise order must be
fcllowed in the inpuiting of data information. This order can best be
exemplified by a typical branchcd configuration illustrated in I'igure 2-2 on
page 46. The numbers on each branch identity the regions cr branches and
indicate the sequence of data input for the regicas comprising the multishell
configuration. All required data for a particular region must be input before
the next regional information is considered. The -egions J-III are referred
to as starting branches, the last regions are characierized by the fact that
the last or N-th station in that region cccurs at the common junction point.

A closing hranch has its first statiou (i = 1, at the branch point. The starting
and closing branches miust be selected in consisteat form with the numerical
solution procedure (Figure 2-2). The existence of a branch junction oc.urring
at the endpoints of a region is designated by use of the end condition indicator
BCITP (BCIBM) set equal to 10,

Thz program does not automatically handle eccentricities in reference
surfaces occurring at branch point as was done at a discontinuity junction,
However, since line moments can be applied at a junction, it is possible to
account for the unbalance moment occurring at a branch point due to
eccentricities in an approximate manner. This is accomplished by running
a multibranch shell case (without eccentricity effects included) and calcula-
ting by hand the unbalance moment due to the couple gen=rated by the
in-plane membrane forces Ng ( . Qg contribution) in each region being
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dispiaced from each other, Applying the calculated unbalance moment as an
cxternally applied line momaont at the junction and rerunning the same case
in the program will yield¢ 2 corrected soluiion. This trial-and-error process
can be repeated until the resulting error is as small as desired., Use of free
body diagrams are helpful in setting up this mod-1,

The procedure for seiting up a branched contigu:ation in the program
can be illustrated by consideration of the examgle shown in Figure 2-2. In
Figure 2-2, the first junction is a discontinuity point with@ and@ beiag
branched points. The arrows on the diagram indicate dirzctions of increasing
¢ or increasing station number for the respective regions. Regions II and III
would be starting branches and IV the closing branch associated with
junction@; similarly, IV and V starting and VI closing branches character-
izing junction@. The sequence of input of data with appropriate end and
discontinuity conditions can best be illustrated by Table 2-2,

Table 2.2
Region BCITP BCIBM GPSI GECX
I 9 0 0 0
II 0 10 315° Not possible
111 3 10 0 Not possible
IV 10 10 0 Not possible
\'s 1 10 60° Not possible
V1 10 9 0 Not possible

2.10.3 Discontinuity Loads

The effects of externally applied line loads and moments on a shell
response can be determined using the program. The concentrated line load
coded PD and moment MD are applied at junction points on the mathematical
model. If no geometrical discontinuity exists, a fictitious discontinuity is
introduced to incorporate the line load and moment. The program will per-
mit 2 maximum of 11 Fourier componenis of PD and MD to be applied to the
program. The value of PSIO (in degrees) is the measured angle between the
concentrated load direction and the normal to the closing branch at the
common branch point. The positive magnitude of PD (Pp) and MD (Mp) is
shown in Figure 2-8. For a branched configuration, the load and moment
value occurring at a junction can be entered with the regional data of any
(one only) of the starting branches; for example, the information could be
supplied with data for either of regions I, II, or III. At a discontinuity puint,
the discontinuity loads would. of course, be supplied with the region preceding
the junction point.
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1

v

Figure 2-8

2.11 PRESSURE LOADS (PILD, PFETB, PTHTB, PNTB)

The values of surface pressure acting on a region are supplied at each
station of the region. The sign convention for positive and negative values of
pressure is shown in Figure 1, 2d in its simplified form, internal pressure
has a positive value and external pressure a negative value. The normal
and tangential loads q¢ are assumed to be symmetrical about 6 = 0 and
antisymmetrical for circumferential load qg: (See Section 1.7.)

To reduce the amount of data load information input into the program
and to simpiiiy the handling of unsymrmetric loads, a pressure load indicator
has been introduced. This indicator has the coded value PILD and permits
different input format for various types of load information. The dimensional
arrays PFETB, PTHTB, PNTB are used for inputting tangential, circum-
ferential, and norma) loads, respectively. These arrays, referred to as load
tables, are dimensional for 200 information bits. The detailed prccedurc or
table setup is given in Section 3.4.7, page 90.

When loads (or more specificelly Fourier coefficients of load) are
constant over the region, i.e,. do aot vary in the meridional coordinatr.
the PILD indicator is set equal to one. In this case, only one value of
pressure load data is required for each Fourier harmonic (ENF) in each lood
table, For the case of unsymmetric loads that vary meridionally. the
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Fourier components of load can be inputted at seiccted stations along the
meridian,  The program will automatically compute values at intermediate
stations using the CODIMA curve=fit routine, (See Section 3.7.) PILD is
sot equal to two when using this option, Arbitrary unsymmetric loads can
boe described without prior knowledge of the Fourier cocfficients of load
distrmibution by using PILD option three.  Discrete values of load are inputted
in appropriate load tables at specific meridional and circumferential
locations, A lincar interpoiation routine yields necessary values at inter-
mediate locations. and the progran: automatically determines Fourier
coctficients of loads using the FMouricer-Kuler inversion forrula, ‘The inver-
sion integral is evaluated numerically with coded value ENTH indicating
number of finite sums taken, It is recommended that the maximum number
91 be used tor this value for gencral cascs.

All pressurc load data are inputted in dimen:..nal form (i.c., in units
of P/L2) and the program automatically performs appropriate operations to
make coefficionts nondimensional (Section 1. 7).

2.12 TEMPERATURE DISTRIBUTIONS (TBOT, TTOP, 1'TP, TIBT)

The temperature of the outer surface, each interface (multilayer
shells). and inner surface must be supplied at each station of each region.
The temperature data of innei and outer surfaces are inputted in a simi’ ¢
manner to pressure loads (see Section 3.4.7). Temperature indicators
coded TIBT and TITP for inner and outer surfaces, respectively, are
utilized with TBOT and TTOP representing table arrays for inner and outer
surface temperature values,

Temperature distributions across the shell thickness are usually
derived from solution of the heat transfer problem. The program handles
only shell structural problerns and does not make any heat transfer caicula-
tions. However, it does use the given temperature distribution to calculaie
stresses and deflections due to thermal influences in the shell. Since the
temperature must be supplied at each face, there will be one more tempera-
ture value at each station than there are layers in the region. The outer and
inner surface temperatures are supplied using procedures described above.
The internal interface temperatures are supplied using a temperature
gradient table for inputting interface temperatures at discrete meridional
stations. An irterface defines the surface between two shell layers
(Section 2.13). The gradient value at each interface is prescribed as a
percentage of the total differential between top and bottom surface tempera-
tures. The number of gradient stations considered per region is coded
F.2/OGR (10 maximum), with GSTA being station values at which gradients
arr. supplied. The gradients are supplied at internal interfaces and GSTA
stations counting from first interface beyond the inner surface to the last
interface before the outer surface of the shell.
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The temperature input data is not curve-{itted directly; instead, the
program calculates the thermal load ENT and moment EMT at data input
stations and curve-fits using CODIMA to give intermediate station values.

2.13 MULTILAYER SHELLS (ELAY, ENMAT, EMAT)

The computer program permits the analysis of muiltilayer shell con-
figurations. Laminated shell scctions having as many as s.x intimately
bonded layers can be analyzed. The value assigned to the variable ELAY
i & the number of layers in the region. For identification, the layers are
numbered consecutively starting from the inner surface, (See Section 2.4.)
A repion nmay consist of various layers of different materials each material
having different clastic properties. A region of one material may be
assumed o be divided into imaginary layers for purposes of determining
stress internal to the outside and inside surfaces of the region or handling
nontinear temperature distributions across the thickness. The code value
EXMAT indicates the number of different materials considered, for the
problem with three being the maximum. The material layer indicator EMAT
describes the material for each layer. The material used in a layer are
numie-r:d in secuence starting from inner layer and proceeding to outer
layer. Therc arc six possible values in the EMAT data locations, i.e., one
for each layer. As an example, let us consider the four-layer shell section
shown in Figure 2-9. The layer i :ntificaiion is given in Roman numerals.
The sequence of data for EMAT, for example, would be shown 1,2, 1,3, i.e,,
material 1 ia first and third layers, material 2 in second layer, third
materizal in fourth layer.

4%

Figure 2-9, Layer Sheil
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<. 14 MATERIAL PROPERTIES (POIS, ENEL, TMPEL, YMI, ENAIL,
TMEPAL. ALF1. ENF2, etc.)

In general. the clastic properties for structural material depend on the
temperature of the material., In the computer program, the material
properties. modulus of clasticity (Young's modulus), and cocfficient of
thermal expansion are permitted to vary as a function of temperature in the
material, The material propertics versus temperature data are read into
the program in the form of tables for each individual material. The
variables FNF1 and ENAIL describe the number of values of Young's modulus
and coctficient of thermal expansions, respectively, that will be used in the
tables tor the first material. The code value TMPEIL represents tempera-
tures of which the YMI1 (Young's modulus) values are given in the tables
tor the first material. TMPAI are temperature values at which the ALF']
thermal cxpansion coefficients are given. In the second material, similar
code instructions are given Ly ENE2, TMPEZ2, YM2, ENA2, TMPA2, ALF2
and so on for the third material.) With the tempe rature at the layer inter-
faces and surfaces known, the values of Young's modulus and coefficient
of thermal expansion are determined for each material at each interface by
CODIMA curve-fit of the material property tables. The material property
variation through each layer is obtained by linear interpolation. The value
of Poisson’s ratio is assumed constant in each layer and defined in the
regional input data as the quantity POIS (six data locations possible, one per
layver). The inaccuracies introduced by assuming a constant value of
Poisson's ratio for each layer in a region are small and this assumption
greatly simplifies the equations of the program. The distribution of material
properties must be known before the stiffness properties and thermal loads
can be determined at each station on the shell,

2,15 STIFFNESS PROPERTIES (EIFH, ENOTH, THSTA, TH, D, EK)

The stiffness properties of the shell can be evaluated when the material
prcperties and shell thicknesses are known. The stiffness parameters must
be supplied at each station in the region. The procedure for input of material
property data is given in Section 2.14. For multilayer shells, the program
permits the input of shell layer thicknesses in array form and automatically
curve-fits data to ascertain thicknesses at intermediate station points. For
the case of constant thicknesses, setting the variable EIFH to +! permits the.
use of a simplified data format. For variable thicknesses, EIFH is set to -1
to permit reading of layer thickness tables. The quantity ENOTH sets the
number of thickness stations given with THSTA being the active station
number at which thicknesses are supplied (20 maximum). The station
number must be the same for all layers. The thicknesses are read in by the
quantity TH in order of layers' thicknesses per station, e.g., for a five-
layer shell, the thickness of each layer is read at a specific 'station before
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preceding to the next station. The order of layer input is consistent with
description outlined in Scection 2.13. 1. ¢.. first layer at inner surface pre-
ceding in order to the last layer on the outer surface.

The cross-scectional properties arce evaluated from Equations 33
and 34. It is assumed that the matcerial properties (and tempcerature distri-
bution) varies lincarly across cach layer., Thus, all integrands will be
broken up into a sum of linear functions of § and the integrals are cvaluated
numecerically bascd on values of material properties at laycr and branching
surfaces. A similar procedure is used in evaluating the thermal load and
moment expression described by Equations 35 and 36.

For the casc of constant stiffness properties, the extensional (D) and
flexural (EK) stiffness can be inputted directly into the program by use of
the FX indicator discussed in Section 3.4.6.

2. 16 INTERNAL SPRING SUPPORT (GSPRL, GUK, GVK, GWK, GEMK)

The program will allow the consideration of a support sprirg at any
internal station in a region. The station location of the spring is specified
by value GSPRL. The values of spring constants for the meridional,
circumferential, transverse, and rotational spring supports are given by the
symbols GUK, GVK, GWK, GEMK. This capability would aid in considering
shell structures which have internal elastic restraints such as a circum-
ferential ring or other type of elastic support conditions. The program with
minor modifications can be extended to handle more internal support points
if desired.

2.17 REFERENCE QUANTITIES (SIGO, EO, HO, AO)

SIGQ, EO, HO, and AO represent reference stress, Young's modulus,
thickness, and length quantities introduced in the analysis to provide non-
dimensional Fourier coefficients of comparable magnitudes. (See
Section 1.3.5,) It is usually most converient to set the value of these
quantities equal to one.

2.18 GRAPHICAL PLOTS (PIXI)
This is a program option permitting graphical plottiag of results using

the Stromberg Carlson autoinatic plotter. Nonzero values of PIXI will give
plots. If no graphs desired set PIXI =0,
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2.19 SPECIAL INDICATORS (X, PTHI, PFLAG, STRI)

There are several indicators in the program that yield certain features
in the program that cannot be classified completely under the paragraph
description presented previously.

The program will permit the stacking of problems so that more than
one problem can be run with a job submittal. Theoretically, any number of
problems can be stacked. The indicator PTHI is used to eliminate the
repetition of data when similar problems are used. A PTHI value equal to
zero indicates a normal program path. Positive PTHI values permit skipping
of the geometry subroutine with the shell geometry remaining identical to the
preceding case. A negative value of PTHI retains all shell properties from
preceding case but permits variation of surface loads.

The PFLAG indicator permits the printing of all input data when the
value is set to nonzero. In addition, a negative PFLAG will yield print
information of a diagnostic type.

The quantity STRI indicates the layer at which a second value of stress
across the thickness is desired. The value of stress at the inner surface of
the specified layer is printed. Zero value of STRI automatically gives the
stress at the outer surface of the shell.

The EX indicator is an option formulated to simplify data when running
cases with constant loads and section properties are considered. This
option is invaluable in running simple check cases. The details on this use
of the EX symbol is given in Section 3.4.6.

2.20 CURVE FITTING

As discussed in previous sections, the shell parameters and loads are
curve-fitted using the controlled deviation interpolation method concept
(CODIMA). CODIMA basically involves fittii g a second-degree polynomial
through three successive points in the data i eld. Thus, the curve passes
exactly through the supplied input points. Tie detailed characteristics of
CODIMA are outlined in Section 3.7.3 aid wili not be repeated here.
CODIMA was selected because it offers an accurate, efficient, and reliable
technique for fitting data. As contrasted to "least square'' techniques, it
does not exhibit ill behavior in treating evenr the most complex of functions.
Of most importance, CODIMA fits automatically and does not require
additional input construction to be supplied by the user.
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2,21 GENERAL COMMENTS

A number of difticultics may arise as a result not of errors in the
program or ilts writeup but of certain subtleties connected with shell theory
and the construction of the program. It would be foolhardy to attempt to
outline all these difficultics and subtleties here. However, it would perhaps
be worthwhile to give some simple tips to serve as a reminder in usc of

the program.

l.

The user should always check the output data from the program
to sce if it corresponds to input entered. In using curve-fit
techniques (CODIMA) it may be desirable to input more data
than absolutcly necessary to increase the accuracy of represcn-
tative results.

Some difficulty may be encountered in sclecting a mathematical
model particularly when treating branching configurations; for
example, some ambiguity is discovered in the definition of
thickness for each shell region in the junction region. Careful
study of Section 2.10.3 with the exercise of good engineering
judgment should permit the selection of an adequate engineering
model.

The user should be reminded that shell theory is two-dimensional
and input parameters and results should be interpreted
accordingly. The results, of course, will only be as good as

the mathematical model selected.

The discrete point option (GMI = 3,0) should be used only when the
shell geometry cannot be described by the other geometry options.
If thisoption is used, it is strongly recommended that the
capability for input of radius of curvature information be utilized.
A dense population of input data must be supplied when using this
option in order to guarantee an accurate geometrical
representation,

For multiregion configurations, extreme care must be exercised

to ensure that the geometrical location of a junction point is matched
between regions. In addition, best results are obtained if the finite
difference intervals are selected to be approximately equal on each
region,

Some difficulty may be encountered in treating problems having
apex-apex or free-free boundary conditions. Rigid body type
motion may occur when data are not input precisely. For some
problems where some ''drift" occurs, it may be possible to supply
a nonforce-inducing spring to the shell in order to obtain a zc¢ro
reference point for displacements.
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III. DETAILED USE OF THE PROGRAM

3.1 INTRODUCTION

The Shell of Revolution Computer Program is written almost entircly
in FORTRAN IV and makes usc of the overlay featurc of that language. The
exception is found in the utility subroutine CRTG, described in Section 3. 7. 5.

The program has been checked out in NAASYS, the NAA adaption of the
IRNM 7090/7094 IBSYS/IBJOB system and :s the NAASYS library routines
shown ir the load map, pages 67 to 73, inclusive, this section.

The NAASYS input tape is 'UNITO0S, ' the output tape is 'UNITO06, ' and
the system CRT file is 'UNIT16.' In addition to these files, the program uses
5,4, 7, 8 9, 10, 11, 12, and 13 as scratch tapes or for overlay storage
during execution. NAASYS itself, is stored on 'UNITOI. '

The program is made up of an executive program and eight links, five
of which are called by the executive program, and the other three by the
DATLNK subroutine. The name of the main program in each link and a
description of its use follows,

Link No, Name Purpose

0 EXECUTIVE Reads the general data, DA, and controls the
flow of execution of the other links.

1 DATLNK Acts as a subexecutive program to control
GEOM, DATLDS, and DATLYR, the subroutines
that set up regional data, Also reads special
data, SDA, Prints Section and Material
Properties and Loads.

2 GEOM Feads geometry parameters/region. Calcu-
lates DEL, R, X, WFE, WTH, GAMA, and
RHO. (See program nomenclature, Section
3.10,) Prints all geometry input and calculated
values.
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l.ink No,

Name

Purpose

3

DATIL.DS

Reads pressure loads and temperatures for the
inner and outer faces/region, DL.D. Makes
pressurec dimensionless and, deperding un
indicator, sends a constant, curve-fits. or
Fourier sums for values at each meridional
station. Sets up temperatures at 20 stations for
use in DATLYR. Some data prints on indicator.

DATLYR

Reads section and material properties data,
DAL/ region. Sets up D, EK, ENT, EMT, EI,
T, ALF at all meridional stations. (The first
four mentioned are made dimensionless.) Some
data prints on indicator.

PANDX

Forms the P and X matrices of Equations 74 and
75 (Section 1. 13) needed in the solution of the
difference equations.

INTLD

Uses the P and X matrices from link 5 to form
the solution matrix, z. (Equations 76 and 77,
Section 1. 13) Computes the current Fourier
component for the bending moments, transverse
shear forces, membrane forces, and stresses.

SUMS

Performs the Fourier summing for unsymmet-
rical loading conditions. Prints results. Sets
up tapes and indicators for next Fourier
component.

PIX

Plots shell geometry, displacements and other
results from link 6/region. (Results are
printed for all THETA values but are plotted
for just the first THETA.)

3.2 DECK SET-UP

In Figure 3-1 we have shown the set:p of the column binary program
deck, with the necessary control cards for each link.

The $1BJOB, $ORIGIN, and $DATA cards are single control cards.
The circled numbers found on the first two control cards mentioned indicate
the order in which they, plus the associated decks of that link, should be
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stacke t. For example, the sccond level subroutines, GEOM, DATI.DS, and
DATI YR, will be tound in the deck before the first=-level subrouting,
PANDX, because tney are executed in this order.

It is imperative that the wtility subroutines be kept with each link as
shown,  The matrix arithmetic subroutines, MAD, MSU, and MMY, are
required by PANDX and INTI.D, but since only one first-level subroutine
mayv occupy core it a given time, they are entered with the EXECUTIVE
link so that they may be shared by both.

Additional control cards preceding the $IBJOB card are likely to vary
somewhat with the installation. An IBM systems handbook should be
vonsulted.

9 1847C5 C $JUB _ 1RJOB C13504410956 32  1920258B04122FURUIKE 8305

9 134795 C $iBJ0O9
O 1864302 0 s=
9 135G33 0 s1BSYS

Additional control cards used at S&ID
3.3 PROGRAM FLOW DESCRIPTION

An overall flow diagram of the paths between the EXECUTIVE program
and the first-level subroutines, and between the subroutine DATLNK and its
second-level subroutines, is included in Figure 3-2.

A detailed flovr diagram of each of these major control type routines,
i.,e., EXECUTIVE and DATLNK, is also included in Figures 3-3 and 3-4,
respectively.

Many comments cards have been included in the listings of the other
subroutines to aid in understanding their flow. (See Appendix IIIA, pages 181
through 273.)

3.4 INPUT DATA FORMAT
3.4.1 Introduction

Two types of data are ciitered in the program: (1) general data that
is read by the EXECUTIVE yprogram and {2) regional data that is controlled
by DATLNK. Depending on the values entered for the indicators PTHI (see

DA data, Section 3.4.4) and EX (see SDA daia, Section 3. 4. 6), the DATLNK
subroutine will call or omit calling GEOM, DECRD(SDA}, DATLUDS, and
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DATLYR. These latter four subroutines are cycled per region. A full
explanation of the dati for each routine, together with sample data sheets, is
included in Sections 3. 4. 4 through 3. 4. 9,

Figure 3-5 shows the possible flow between the various data reading
subroutines.

3.4.2 DECRD Subroutine

All data, with the exception of the three title cards, is read by means
of the DECRD subroutine, available on the NAA library tape.

This routine provides the facility for reading a variable number of
pieces of floating point data into specified elements of an array; these
elements may be in either sequential or nonconsecutive locations. Only the
information specified is actually read into storage.

/6

Qo
oY)
!
25
&.
A

The fixed point number (index) in the first field on each card defines
the position of the first piece of data on the card. If the index is 1, the first
piece of data will be stored in the first location reserved for the array; if it
is 16, the first word will be placed in the sixteenth position, etc. The
remz2ining fields on each card contain information for the successive locations
of the array. If one or more fields are left blank, no information is read into
the locations corresponding to these fields; the information already in these
locations is unaltered.

The sample data sheets shown in Section 3. 6. 3 have six fizlds of
12-card columns each and an identification field of eight columns for sorting
purposes. .
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a, The index must be written to the extreme right of the first field;
it may not be zero or blank (nc decimal point).

b. The programmer should keep in mind the way in which FORTRAN

stores arrays having double or triple subscripts, e.g. A(l, 1),
A(Zo l)n A(3a l)t A(l: 2). A(Z, 2), etc.

c. The floating point (REAL) data =hould be entered with a decimal
point (anywhere in the field) and an exponent, when necessary,
written to the extreme right of the field and preceded by a '+' or

d. Reading data is concluded by placing a negative sign in c>lumn 1
of the last card to be read.

e. Zcro should always be entered as '0.'. A '-0."' or '.0' will be
recognized as a blank,

ERROR indication: If the index is zero or blank, the comment
"xx4xxBAD INDEX ON DECRD CARD-'" will be printed, followed by a printout
of the columns 1 :80 of the defective card. The job will be terminated.

If the data for the array in the CALL statement have been completely
read and no negative sign has been encountered in column 1 of last card read,
data intended for subsequent CALL's will be read into the incorrect array.
When there are no data cards to satisfy the appetite of a CALL DECRD

statement, the job will terminate with an end of file tape 5 designation, as
shown below,

TRACERBACK -~ CALLS IN REVERSE ORDER,

CALLING IFN OR ABSOLUTE
RCUT INE LINE NOo LCCATICN
FI10S 333 20471
FRDD 13 21632
1448R 17 04635

NAA USER MESSAGE 141
END CF FILE READING UNITOS

EXECUTION ENDED,
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If this occurs before all expectud fosults have buen printed, check the
last card of cach data block for the negative sign in column 1,

3.4.3 Data Deck Setup

Data decks should be stacked as follows:

1. Three cards (72 columns each) of title data

2, DA, general shell data. read by the EXECUTIVE program

3, GDA, geometry data, read by the GEOM subroutine

4, SDA, special data cases, read in DATLNK subroutine

5. DLD, loads data, read in DATLDS subroutine

6., DAL, section properties data, read in DATLYR

With the exception of the three title cards, eachgroup of data listed
above should have a minus sign in column 1 of the last card. Groups ti.ree
through six are repeated for additional regions. Remember that some
portions may be omitted due to the values of indicators EX or PTHI. (See
flow chart, Figure 3-5, Section 3. 4. 1.)

3.4.4 Title Cards and Call DECRD (DA)

Three title cards form the first three cards of any data deck for each
case. These cards arve useful in identifying the run at a later date. They
may include a bilef problem description, the date of the run, a reference,
etc. ’

Thess cards may not be omitted, but they may be blank, if desired.
If the carde are forgotten, the error indication from DECRD will occur for a
multiple case run, or the job will terminate with an end of file tape 5
designation {as uxplained in Section 3, 4, 2) provided the DA data for the case
was three cards or leps.

All input data rmust be dimensionally consistent, It should be noted
that all nondimensionalization is done internal to the program; thus, all
inputs must be supplied with appzopmte dimensions (e.g., transverse load
PN is input with dimensions P/1 %), In the-instructions that follow, the input

guantities in terms of nomenclature of Section I are listed in the description
and comments,



DKCRD

Index Name Description sl Commants
1 ERKK Number of regions {50 reyions cstimated linit)
M AO Reference length (a)
3 HO Reference thickness (hg)
4 EO Reference Young's modulus (Eg)
5 SIGO ‘Reference stress {0)
o PIXI CRT indicator. Plots curves when nonzero. Must be
zero when SUM is negative.
7 PTHI Path indicator
First case = O, '"normal" path
Following cases: _
a. Negative - skip GEOM; gcometry is the
same as preceding case
b. Positive - loads change only
8 SUM Nonzero for multiple Fourier components
a. ‘Positive - results are summed, with prints
given at ENFOR values
b. Negative - discrete Fourier components.
printed each time. w CRT
9 ENFO Initial Fourier component {n)
10 ENFI Subsequent Fourier componcnts (10 more)
21 - EN!'F'QS Fourier component print values. Three prints ars
1 permitted. Two intermediate prints of the Fourier
summing are possible for checking convergence. The
last ENFOR given should be the same as the last
ENF1
25 THETA | Circumferential angle § (degrees), 10 maximum

ENFI, ENFOR, and THETA values must be read for each case. DA(l)
through DA(9) are set to sero before reading the first case data but, for
multiple case runs, they will retain their values uniess changed by the
programmer,
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345 Call DECGRD (GDA)

The GDA data array is zeroed each time before the above statement is
This means that all GDA data must be repeated for multiple-
region or multiple-case runs,

executed.

DECRD
Indoex

Name

DedJcription and Comments

l

Ml

Geometry indicator
= 1. cone-cylinder
= 2, sphere-toroid
43, discrete points
<. ellipse
5. hyperbola
= 46, parabola

| O T ]

e

EN

Number of statioa poiils per region (150 maximum)

PFLAG

Print indicator. Noazero prints all input data. A
aegative PFLAG prints additional information of a

diagnostic type (see Section 3. 5).

%

Bouadary condition indicator at first station i = 1 {top)

L]

BCITP 4

BCIBM

Boundary condition indicator at last station i at N

=1 free (t¢ . Pgq. £, me = 0)
. =2, roller {tg, ug. W, m¢g = 0)
- =3, clamped, ﬁxed(fg. ug . ug w = 0)
=4, simply suppcrted, h}inced’('n;g , ug, W, mg =0)
= 8§, completeg. f'g, ng. na=0)axisymme ric
load probiem only
= 4. special boundary matrices read in.
Must use 6 whenever nonzero values are
prescribed at boundary values in EM5X or
,, EMNS matrices ’
= 9, closed apex {e.§., ipex of sphere, pole
‘ condition). Set one of the apex end
conditions to -9 for apex-apex type
boundaries.
= 10. branch point {mo¥e than 2 regions joining)
- *% At a branching diacomtinuity only one region
may have a top bomsdary indicator of 10

= 0, 1. E+ 10 digcontinuity jwmction (two regions
: joining) :
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DECRKD

Indes L Name Description and Comments
o t 1 GP.‘;I Di»cu;;i‘:\;tiyl”y. ;~Iﬁp~:at;\e c.-n:I“:»‘f7t;nir:“;~gim;v(jlu;; rees)
(Sce Figure 2.1 @ ) '
7 l.:.l".CX ;Icm-ntrici& of re;;ance snrt:a::; ;lt ~1w¢ll:(~::n;:|;|m;y -
point (i - N) (See Section 2, 10)
R h v(::SPRl Station location of internal su;;:»rt spring, f::\:- per
region
Q GURK Spring constant, meridional direction
10 GVK Spring constant, circumferential
11 GWK Spring constant, normal to shell
12 GEMK Spring constant, rotational
When GMI = 1. 0; see Section 2. 8.1 .
15 RAI Radial distance from axis of revolution to station 1 (L)
lo AXL Meridional length of shell (L)
17 ANX Angle the generator makes with the axis of revolution
(degrees)
When GMI = 2, 0; see Section 2.8.2
15 RC Radius of curvature of the generator (L)
16 Rm Offset distance measured from axis of revolution to
center of meridional curvature (L)
17 PHIO Initial opening angle from vertical axis (degrees)
18 PHIN Final opening angle from vertical axis (degrees)
When GMI = 3.0 (or -3.0); see Section 2. 8.3
19 EM Number of RIPT's given (12 minimum, 150 maximum)
20 RIPT Discrete radial distances
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DECRD
Index Name Description and Comments

170 XIPT Discrete axial or vertical distances (or arc lengths)

320 RCURV | Meridional radii of curvatures

470 RCURZ Circumferential radii of curvatures

GMI = 4,0, 5.0; see Section 2.8. 4

796 RFF Offset distance from axis of revolution to the parallel
coordinate of the standard form

797 SPNO Clockwise positive opening angle from the positive
vertical standard form coordinate to the first station
(degrees)

798 SPNN Clockwise positive opening angle from the positive
vertical standard form coordinate to the last station
(degrees)

799 4 A Semimajor axis parallel to the axis of revolution

800 Semimajor axis perpendicular to the axis of revolution
GMI = 6. 0; see Section 2. 8.4

796 RFF Offset distance from axis of revolution to the parallel
coordinate of the standard form

F

97 SPNO Clockwise positive opening from the positive vertical
standard form coordinate to the first station (degrees)

798 SPNN Clockwise positive opening angle from the positive
vertical standard form coordinate to the last station
(degrees)

799 A Distance from the directrix to the focus, positive in
positive direction of the standard form

elements are read.

Boundary matrices, when not set by indicator, only the diagonal

The explanation below is based on the assumption that

the user is familiar with Section 1. 9, "Boundary Conditions".



DECRD

Indes Name Description and Comments
ol EMIX Diagonal terms of force boundary matrix (1) (i - 1 or
top of shell) '
024 EM3K Diagonal terms of displacement boundary matrix (A),
i=1
o8 EMSX Column boundary matrices (f), top of upen shell

(i = 1); dimensioned for 20 Fourier components of
boundary force or displacement

70s EMNI Like EMIX at i = N {or bottom boundary)
T EMN3 Like EM3X at i = N (bottom boundary)
Tlo EMNS Like EM5X at i = N (bottom boundary)

3.4.0 Call DECRD (SDA)

The SDA data array is set to zero before the first case and first region
data are read. Succeeding regions or cases have just the T, ENT, EMT,
PN, PFE, and PTH arrays zeroed. EX is set to zsero on the second pass of
an unsymmetrical load case. All other data will remain unchanged from the
preceding region unless gntered by the programmer. If there are no changes,
one data card (with an index aumber) must be read to satisfy the call DECRD
(5DA) statement.

DECRD
Index Name JE _

Description and Comments

|} EX Constant data indicator*
= 0, No constants

Negative - all constants. One value is entered for
D, EK, Ei, T, ALF, DNA, POl and tae Fourier
" component of ENT, EMT, PFE, PTH, PN.
These values are modified by the reference -
coefficients where applicable and the entire EN
stations are filled with the constants.

*The constant data indicator for EX X 0 can be used only when SUM = 0,
When SUM X 0, EX must be set equal to aero and sormal input format
following.
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DECRD
Index

Name

Description. and Comments

- t 1. - constant section properties and temperature
loads. One value is entered for El, POI, DNA,
ALF, and T. Values for D, EK, EMT and ENT
are set by Equations 33 through 36.

Values may be read for D and EK by entering the
data flag 1. E + 10 in SDA (26) and the D and EK
values in SDA (27) and SDA (177), respectively.

The program multiplies by the appropriate
teference coefficients.

= + 2. - constant pressure loads, noc temperacure
loads. The Fourier component for PN, PFE
and PTH are entered as data. The values are
multiplied by the reference coefficients and
stored for EN stations.

The following data are read directly into the SDA array only when EX
18 nonzero, exceptions noted.

DECRD
Index Name Description and Comments

25 POI Poisson's ratio (v). Not entered for EX = +2.

26 D Membrane stiffness (bE h,). Not entered for positive
EX, except for data flag use explained in EX = +1.,
above.

176 | EK Bending stiffness (dEghJ). Same as D,

326 ENT Thermal load (tTg,h,). Negative EX only.

476 EMT Thermal moment (m-raohg). Negative EX only.

626 PFE Fourier component for surface load applied in
meridional direction (Pfal Ooh,). Read for negative
EX or EX = +2,

776 PTH Same as PFE, circumferential direction

926 PN Same as PFE, normal direction




DECRD

Index Name
1070 El
_ 1220 T
1370 AlF
1320 DNA

-

}.__—.M._

-Modulus of clasticity (E). Rcead when EX is negative

Description and Comments

or cqual to tl,

Temperature differential (0° reference temperature).
EX neg. or +1.

Coefficient of thermal expansion (o). EX negative or
t1.

Distance from neutral axis. (Value will be negative
for inner surface.) EX negative or +1.

These data cards (with a =" in column 1 of the last one) will be
succeeded by the following:

When EX is

-1.
+1.
+2.

0.

Next region's GDA, geometry data

This region's DLD, pressure loads data’
This region's DAL, Section properties data
This region's DLD, then DAL data

5.4.7 Call DECRD (DLD)

The DLD data array is zeroed eich time before the above statement
is executed. This means that all DLD data must be repeated for multiple
region or multiple case ruas.

DECRD
Index Name Description and Comments
1 | PILD-| Pressure loads indicator for PFETB, PTHTB, PNTB
- 31, constants
= 2. Fourier components given
=3, Fourier summing, symmetrical
2 TIBT Temperature distribution indicator for inner surface
{TBOT) (Same as PILD)
3 TITP Temperature distribution indicator for outer surface

{(TTOP) (Same as PILD)



DECRD

Index Nameo Description and Comments

4 ENTH Number of finite sums taken to evaluate Fourier
inversion integral for pressure or temperature
cuefficients. For most cases, best results obtained
by setting equal to maximum value of 91.

5 PFETB Table for PFE load. The array is dimensioned as
200 and its format is dependent on PILD, as explamed
below=—TAB setup, Section 3.4.7.1

205 PTHTB Table for PTH load. Like PFETB

405 PNTB Table for PN load. Like PFETB

003 TBOT Table for temperatures on the inner surfice.
Dimension is 200; format determihed by TIBT

805 'I‘T¢P Table for outer surface temperature. Dimension is
200; format determined by TITP

1005 PSIO Angle at which line load is applied at a junction point
(see Figure 1-10)

16 | PD Magnitude of line loads applied at a junction point.
Consecutive locations are used for succeeding Fourier
components, 11 maximum

1026 EMD Line moment applied at a junction (11 Fourier

components possible)

Don't forget the "~" in column one of the last card.

3.4.7.1 Tab Setup

All loads tables=—FPFETB, PTHTB, PNTB, TBOT, and TTOP=are
dimensioned 200. Where Fourier summing is desired, the values are read
for all Fourier components (ENF's) at the same time. The format of the
tzules for PFE, PTH, and PN will depend on the value assigned to PILD,
~hile that of TBOT and TTOP are determined by TIBT and TITP,
respectively.
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TAR(

Indicator - )

Indicator = 2

Indicator = 3

Tables for all loads (tempe rature) and all ENF's

TAR(I)
TAB(I1)

-

TAB(I)
TAB(1t+1)
TAB(I+2)

TAB(I+3)
TAB(I+4)
TAB(I+5)
TAB(I+6)

Constant vilue for first ENF
Constant value for sccond ENF
Fitce.

Number of ENF's

1st ENF value

Number of meridional stations where loads are
entered \

Station No. = 1 % must be 1. \‘?

Load at station1 ™ @
Second station, e.g. 10.
Load at station 10.,
etc., with station numbers 7(} values interlaced.

I3

3
#%The last station must b EN, GDA (2)

TAB{2* TAB(I+2)+4) will be like TAB(I+1), i.e., the
second ENF value. Repeat the pattern.

TAB(I)
TAB(I+1)
TAB(+2)

TAB{+3)F

e
.

Nuinber of theta rays (circumferential stations)
included in the table

First theta value (degrees) ** must be 0.

Number of sta‘.-ms tc describe the first theta ray
%% Must inclu ‘e a1 stations listed for all theta
rays (20 maximum)

Stations and values interlaced in same manner as
for Indicator = 2, Rules regarding first and last
stations apply to all theta rays

TAB(2* TAB(I+2)+4)F will be like TAB(I+1) for the second theta

and the pattern repeats from there. *#It is not
necessary to include all stations from theta ray one
in theta ray two and the succeeding rays but
stations 1 and EN must be among those chosen.
**The last theta value must be 180..
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The table entered for an indicator 3 will be used to form a matrix,
NEE N~ NTH, where NFE is equal to the number of stations given in ‘TAB(112)
and NTH ix oqual to KNTH, i, ¢., DLD (4).

The matrix is tormed by double, lincar interpolation of the values,
The mterpolation subroutine, DINTRP, will sclect the luwer or upper bound
when a value is off an end of a theta ray and continue after printing:

LINMITS OF TABLE EXCEEDED BY ARGUMENT - #x, xxxxE#xx
#x. axaxk#xx  VALUE USED FROM TABLE

I'his, of course, wastes time and will not occur if stations along each theta
rav start with 1, and end with EN. A more serious error is made when the
first theta ray is not 0.0 degrees and the last 180.0 degrees. The resulting
printout will read:
™~
ARGUMENT EXCEEDS EXTENT OF TABLE IN DINTRP
ARGUMENT = #x, xxxxE#xx 6 1
TABLE VALUES x. xxooEdox (6 per.line)

and the job is terminated.

When EX is Next data will be
0. This region's DAL, section properties data
-1. Next region's DGA, geometry data
-1. or 2. (Should not have had any DLD data.)

3.4.8 Call DECRD (DAL)

The DAL data array is zeroed each time before the above statement is
executed. This means that all DAL data must be repeated for multiple
region or multiple case runs.

DECRD
Index Name Description and Comments
1 ELAY Number of ilayers (6 maximum)
2 STRIX Layer number for second stress print
3 EIFH Thickness indicator
= +1, constants all stations in a layer
= =1, discrete values given at THSTA stations
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DECRD

Index Name Description and Commuats
.ﬁ; — - —-
4 ENPTH | Number of thickness stations
) THSTA | Station numbers at which-thicknesscs are given.

These are the same for all layers. (20 maxirmum)
First onc¢ = 1., last one = EN,

-9 TH ‘Thicknesses at statinns, layers

+%“The TH array is dimensioned (20 x 6). When EIFH - +1. The
constant for cach layer may be entercd in consecutive locations, i.e., the
thickness for layer one at DECRD index, 25, thickness for layer two at 26,

ety

When thickness varies along a layer (EIFH = -1) and values are entercd
at thickness stations (THSTA), they must be entered according to FORTRAN
doubly subscripted arrays. Station 1 on the second layer will have a DECRD
index 20 locations away from station 1 on layer one (the inner layer). For
any given station and layer, the DECRD index = 24 + 20* (layer no, —1) + sta.
no. (See also the example for entering gradients. )

DECRD
Index Name Description and Comments
145 ENMAT] Number of materials considered in problem

(3 maximu-..;
146 EMAT Material indicator/layer (1, 2, or 3)

152 Piis Poisson's ratio/layer

The Materials Tables data (DECRD indices 158 to 284) for all materials
should be entered with the data for the first region which uses DAL data,
whether that region uses all given materials or not.

DECRD
Index Name Description and Comments
158 ENEI Number of Young's moduli for the first material

(10 maximum)

159 TMPEI Temperatures at which Young's moduli are given,
first material (ENE] of them)




DECRD

Index Name Description and Co::mcnu
169 YMI Young's modulus for first material
179 ENE2 Same as ENE]l, second material
180 TMPEZ2 Same as TMPE], second material
160 YM2 Same as YM1, second material
200 ENE3 Same as ENE], third material
201 TMPE3 Same as TMPE], third material
214 YM3 Same s YM], third material

**When there are no temperature loads, the Young's modulus is
considered constant and should be entered at DECRD indices 169, 190, and
21] for materials 1, 2, and 3, respectively.

DECRD .
Index Name Description and Comments

221 ENALl Number of thermal expansion coefficient for first
material, 10 maximum

222 TMPA]l | Temperatures at which thermal expansion coefficiants
are given. First material, ENAl of them

232 ALF1 Thermal expansion coefficients for first material

242 ENAZ2 As ENA]l, second material

243 TMPA2 As TMPA], second material

253 ALF2 As ALF], second material

263 ENA3 As ENAl, third material

264 TMPA3 | As TMPAI, third material

274 ALF3 As ALF1, third material
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*+TMPEL, TMPEZ, TMPE3, TMPAL, TMPAZ, and TMPA3 are used
by the curve-fitting routine CODIMA, and so the ‘emperatures should be

listed in algebraic ascending order and should bound expected temperatures
tor all regions,

DECRD
Index Name Description and Cormnments
S I8 EN¢GR Number of gradient stations (10 maximum)
AR GSTA Stations at which temperature gradients are givea.
Same for each interface, Firstone = 1. Last one
= EN
205 GR Gradients at GSTA stations an<d "internal" interfaces,
counting from the first interface (next to the inner
surface) up to and including the last interface (below
the outer surface of the shell). Values are givea 2s
ratio of the total differential between top and bottom
surface temperatures.

*xWhen the gradients are constant along an interface, ENOGR is
eatered #s 1, and the gradient values are entered in the GR array in con-
secutive locations, each representing the value to be used for one interface.
It is not necessary to enter GSTA valuss.

When the gradients vary along an interface, and-gradient stations
(GSTA) are given, the gradients themselves must be entered according to
the way FORTRAN stores doubly subscripted arrays. GR (stations, gradient
interfaces) = GR {19, 8).

For example, ENOGR = 4 ELAY - 3,, then the DECRD indices for
the GR array would be

T GSTA 1. 10. 25, EN

Layer .
1 | 2-95. 1 (556) a (297) (298) entered on one card
2 308 (306) (307) (308) entered on next card
3 315 (316) (317) (318 enterrd vathirdcard

The DECRD index for any layer and station = 294 + 10 (layer no, —1)
+ sta,



The last DAL data card should have a minus (-) in column 1. The
peometry data, GDA, for the next region will normally follow except for
subscquent cases where PTHI may not be sero.

When PTHI is negative, the geometry dsta remains the same and the
next cards will be SDA type. If ‘me desires to entr v values in the EM5X or
EMNS boundary matrices withow 2atering the GEOM subroutine, he rnay use
SDA (2458) and SDA (2494), respectively, when SUM ='0.; or, when summing
is desired, the values for the first Fourier component will be entered in
SDA (2458) and SDA (2494) but succeeding Fourier components for the upper
boundary in SDA (780) and lower boundary in SDA (930).

When PTHI is positive the DAL data will be followed by DLD, loads
data for the next region. A positive PTHI does not permit a change in the
EMSX and EMNS boundary matrices.

3.5 OUTPUT FORMAT

Following are sample pages and a description of the output of the
progran.. The sample output represents some of the results obtained from
the sample problem discussed in Section 3. 6. Due to amount of output
information, only a portion of the results will be used to illustrate the output
format. Additional results are reported in Section 3. 6. The page numbers
indicate the start of new pages of the computer output (i. e., the first print
wheel has the carriage control character 1) and do not necessarily corre-
spond to the actual page numbers of the computer output. The latter is a
function of the number of meridional stations, the number of regions into
which the shell has been divided and the value assigned to the print indicator,
PFLAG, entered with the geometry data, GDA. These page numbers and
the circled letters that correspond to remarks in the description -re not
printed by the computer. The link where the printing occurs and the EFN
(external fo *‘mula number) of the FORMAT statements are given for cross-
reference with the program listings (Section 3. 9).

Output page 1 Always printed EXEC

A Three title cards. These cards are printed exactly
as entered on the data sheets.

B This space is available for other pertinent comments (21)
that wculd not fit the three title cards but that will be useful
from a documentation point of view. It is a convenient
place to include a sketch of the model assumed in setting
up the problem, sucu as identifying the ends and janctions
of various regions and showing the loads and reactions
together with their respective points of application.
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Quitput page o

A

n

)]

Qutput page 3

A

Always printed EXEC

This is the value entered as FENFQ, the initia! Fourier
component,

There are 12 values printed for Fourier components, but as
stated in the input format, only 10 values in addition to the
FINFO are provided for. The last one is used as a program
indicator and in fact will be "wiped out" by the program, if
entered.

(32)
Space is provided for 10 thetas. The eleventh one is
used as an indicator. See B.

When SUM = 0., it is not necessary to enter any ENFOR
data.

When SUM = 0, only three or fewer ENFOR's should be
chosen. This location like B and C should always be
-1. 0000E 10 and will be set to this number by the machine.

Always printed GEOM

Region number will depend on how the data cards were
stacked, i.e¢., the first set of data entered is called '1",
the second set ''2'", etc,

The type of shell is indicated, depending on the (32, 49 or
value read in for the geometry indicator, GMI. 90)

The value 1. 0000E 10 indicates a discontinuity
boundary. Any other values were entered as data.
See input format for GDA (page )

This data will vary with the GMI indicator.

These parameters, together with the finite - (126)
difference increment, DEL, are computed by the

GEOM subroutine. They are printed at each of

the N meridional stations.

R Figure 1.1 Section 1.3
X Figure 1.1 Section 1.3
WFE Equation 4 Section 1.3
WTH Equation 3 Section 1.3
GAMA Equation 5 Section 1.3
RHO Section 1.3
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Qutput page 4 Printed on negative PFLAG
in DATLDS (451)

There is no sample output page for this, since it would be usced very
intrequently for diagnostic purposes to check the "summing matrix" that
results from lincar double interpolation of the load distribution on the shell.

The matrix is dimensioned NFE by NTH, where NFF is the number of
stitionz entered in the table along the first theta ray (TAB (I 2)) when the
indicator is set at option 3 (20 maximum); and NTH is the fixed point form of
DI D(4), ENTH (sec Section 3.4, 7), the number of theta increments to sum.

I'his summing area, called TEMP, is printed station-wise (column-
wise), cight per line,

Qutput page 5 PFLAG # 0., DATLDS
(97)

The output sample for this page represents results printed out for the
tables. It would be used strictly as a check of the data inputted in PFETB,
PTHIB, PNTB, TBOT and TTOP. (See Section 3.4.7.) The format would
appear as follows:

LOADS TABLES FOR REGION 1

1 PFE PTH PN TBOT TTOP
1
2
200
Output page 6 PFLAG # 0., DATLDS (851)
A Meridional stations, 19 or 20 of them, chosen

equally spaced between 1 and EN

B TBOT, temperature on the bottom or inner surface
TTOP, temperature on the top or outer surface.
In the example shown the bottom surface temperature
data was conttant, and outer surface varied linearly
along the meridian, i.e., TIBT =1, TITP = 2.
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**Pages 4, 5 and 6, tc rciterate, can be printed only i the DATLDS
subroutine has been entered. (EX will be 0. or +1. or, for a succeeding
case, PTHI will be greater than zero.)

Output page 7

A

PFLAG # 0., DATLYR

First, second, and third materials. Curves are
dimensioned for 10 possible values. Zeroes fill the
locations where no entries have been made.

The meridional station numbers given here are a
combination of those sat up in DATLDS for the
temperature loads (see output page 6) and the thick-
ness stations, THSTA, read as data or set to 1. and
EN when the thickness is constant, as it was in the
example. '

The temperatures indicate a value at the inner face (440)
of the layer '

Printed for all values of PFLAG from here to
"Output page 8. "

One value of Poisson's ratio per layer, read
lst layer Znd 3rd
4th 5th 6th (591)
Material indic ators have the same format.

Gradients are entered for interfaces other than the
inner and outer faces and at stations com 1on to all,
thus the printout indicates interfaces

2 3 4 5 6
where 1 and 7 would indicate the inner and outer
faces, respectively.

DATLNK (102)

When the DATLYR subroutine has not been entered
because EX = £ 1, the Section and Material
Properties output will consist of just the printout
from this point to "Output page 8. "

POIl, Poisson's ratio, inner layer
POI2, Poisson's ratio for second stress
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Print
Symbol

D

KK

K
ALF
DNA

Math Symbaol
and Fquation

1P
Fqgaation 33,
Section 1,7
od
Fquation 34,
Scection 1,7
K

T
Equation 26,
Section 1.7

Definition

Maembrane stiffness

Bending stiffness

Modulus of clasticity (K1)

Thermal expansion coefficient

Distance from the neutral axis to
the inner surface

Temperature differential

= Fop succeeding Fourier components none of the Section and Material
Propertics are printed except when PFLAG # 0,

Qutput page 8
A

B

Always printed DATLNK (104)

ENF, current Fourier component

Current Fourier component for a force or moment applied
at a junction point, EN,

Méchanical and thermal loads at each meridional station

Print
Symbol

Math Symbol
and Equation

Definition

P(PHI)
P(THETA)
P(N)

ENT

EMT

Equation 25,
Section 1,7
Equation 25,
Section 1.7
Equation 25,
Section 1.7
Equation 35,
Section 1.7
Equation 36,
Section 1.7
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Pressure in the meridional
direction

Pressure in the circumferential
direction

Normal pressure

Temperature load

Temperature moment
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D

Qutput page 9
A

B

These matrices arve the 8 and A matrices of Equation 47,
They are printed for boundary condition
indicators equal to 1, through 6. ; thus, a set printed with
the last repgion on the shell would be for a buttom boundary.
Rranched shells mav have several top boundary prints but
any closcd apex regions (BCITP = 9,) will not be printed.

Section 1. 9,

SUMS (7313)

Current circumferential angle

Current Fourier component.

Results are for this component

only or represent the Fourier sums to this component,
depending on whether SUM = 0. or SUM # 0., respectively.

Output page 10

A

Print Math Symbol

Symbol and Equation Definition

U Meridional displacement

\'s Equation 21, Circuniferential displacement
Section 1.3, 5

w Figure 3a, Normal displacement
Section 1.3. 4

M(PHI) Meridional bending moment per

unit length

M(THETA) |Equation 20, Circumferential bending moment
Section 1. 3.5] per unit length
Figure Zc,
Section 1.3. 4

M(PHI, Bending moment per unit length,

THETA) shear

Print Math Equation

Symbol and Symbol Definition

Q(PHI) Figure 2b, Transverse forces per unit

Q(THETA) | Section 1.3.4| length

N(PHI) Meridional membrane force per

unit length

N(THETA) |Equation 19, Circumferential membrane force
Section 1.3.5( per unit length
Figure 2a,
Section 1.3. 4

N(PHI, Membrane force per unit length,

THETA) shear
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Output page 11

A Print Math Equation
Symbol or Symbol Definition
SIG(PHI) Meridional stress, inner

surface
SIG(THETA)| Equation 79, Circumferential stress, inner
Section 1.4.3]| surface

SG(PHI, Shear stress, inner surface
THETA)

SG2(PHI) Meridional stress, chosen

surface

SG2 Circumferential stress, chosen
(THETA) surface

SG2(PHI, Shear stress, chosen surface
THETA)

Pages 9, 10, 11 are repeated first for other regions and then for other
thetas.

3.6 SAMPLE PROBLEM

To demonstrate the use of the computer program and illustrate the
format for data input, the sample problem shown in Figure 3. 6 has been
worked out. This problem is a hypothetical one, selected to illusirate the
use of many options in the program. The problem features an un-ymmetrical
load distribution, varying temperature loads, branch and eccentric dis-
continuity junctions, applied boundary forces, discontinvity i1oads, and
others. The details for setting up this problem zre c¢.scribed in the following
paragraphs. Sample data sheets are presented in Section 3. 4. 9.

3.6.1 Problem Setup

The first step toward setting up this problem is a suitable selection of
a 1nathematical model. For the ;hell configuration considered, it will be
necessary to divide the shell into at least four regions for computer solution.
Using four regions, it will be convenient to draw a line diagram of the
geometry denoting the extent of each region, the junction, and appropriate
end conditions. This line diagram is shown :n Figure 3.7. The arrows
indicate direction of increasing meridional coordinate or station numbers.
The sequence of input of regional data is given by the numeral designation
given the particular regions (i.e., 1-2-3-4), Other sequences for numbering
regions are permissible provided the selection is consistent with soluticn
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Figure 3.7

vrocedure of the program. Referring to the region numbering system shown
in Figure 3.7, the problem could be consistently formulated by sequencing
the regional input data (with appropriate end condition, of course) in these
foliowing combinations: (2-]1-3-4), (4-3-2-1), and (4-3-1-2). The sequences
(l1-2-4-3) and (2-4-3-1) for example would not offer consistent formulation
since a continuous transgression to the next regicr is not possible with this
format. Using the example illustrated in Figure 3. 6 let us now proceed to
the input of regional data information.

3.0.2 Regional Data

Let us now consider th: individual shell regions that make up the shell
coniiguration (Figure 3. 8 a-d).

Region Regionlis a sperical shell with an
- opening aungle cf 80 degrees. The
”b le1 3¢ end condition at (i = 1) is a closed
apex and .: quires that BCITP be set
equal to 9. Since this region joins to
two other shells at i = N, its bottom
" boundary (BCIBM) is set equal to 10,
Ra= 6.0 The mechanical loading on the
¢ shell consists of an unsymmetric
external normal pressure load with
a distribution given in the form

{1 80 \ »

-1

Figuie 3.8a
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p- - (1 . (§)2> (10 + 5 cos 0)

where € is the arc length of the shell (dimenzionless).

The form of this joad requires that the problein be defined by two
Fourier harmonicas (n - 0, 1) in order to oktain complete solutions. The
temperature applied to this region is a constant temperature differential of
110 degrees (0° reference) applied to the inner surface and linearly varying
temperature at the outer surface starting from 0° at the apex to 50 degrees
at #tation i = N. The number of stations considered in this region is 121, A
line load of 1o, 1 pounis per inch is applied at the branch junction which
requires values of ¢ = - 10° and Pp = 16.1 {n DLD (1005) a::d DLD (1005),
respectively, If desired this load could be read in with data fc. region I,

In this case, v vouud be set equal to 11% degrees.

On Region Il is a conical shell in which
REGION I the cone angle input (ANX) is 1i5
degrees., This r :I.ais a Lhree-~
layer section with co—stant tempera-
ture of 110 degrees at outer surface
and 150 degrees :* inner surface.
The middle layer (0. 1-inch thick) is
constructed of material 2 and layers
1 and 3 (0, 05-inch thick) are of
material 1. The temperatures «t the
interfaces are shown in the accom-
panying figure and are reflected in
the gradient table shown on card 143,
A force-free end condition excepting
for an applied a>isymmetric shear
1cad (25 pounds per inch) exists at
top boundary (station 1). This

Material 2

Material 1

. boundary condition requires that

Figure 3.8b BCITP be set equal to 6, and
appropriate diagonul boundary arrays are read in EM1X, EM>X, EMSX
array in GDA Jocations 62)-632, The other endpoint corresponds to a branch
junction and BCIBM is set equal to 10,
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Region I} The third region is a single-layer

P wf i comical shell. The end conditions
--—’—-——i"—r ave stipulated at i = 1 by setting
PR s T ECX=031 BCITB = 10 since this is a branch
= - g U S e point and BCIBM =0 ati= N, a
discoatinuity point. The temperature
Q38 of outer surface is assumed to vary

lincarly from 50 degrees at statiou 1
to 120 degrees at the last statioa.
Tke inner surface has a constaat
temperature of 150 degrees.

Figure 3.8 c
The unsymmetrical pressure load has the distribution
p= -~ (l -iv )(lo+ 5 cos 0)
Material 1 is used and the number of stations have been chosen at 141,
Since an eccentricity in reference surface occurs between Regions I

and 1V, the eccentricity distance ECX is set equal to 0.03] and discoatinuity
angle v = 10 degrees.

Region IV The last region is a two-layer
cylindrical shell. The boundary
120" Material 2 condition at the last station is
- A ] assumed to be clamped, then
'Wﬁ BCIBM = 3.0. A umiform internal
a8 pressure of 10 psi acts on the section
10pai M2 llso."i:‘l 1.08 and temperatures of outer and inner

surfaces and 120 degrees and 150
degrees, respectively. The outer
93 layer is constructed of ma’ rial 2
and the inner layer of material 1.
The temperature gradient across the
—_ shell thickness is assumed to vary
along the meridian of the shell.
Figure 3.8d The values are shown on data sheets.

3.6.3 Data Sheets and Results

The regional data for each region are written on standard IBM data
sheets. The complete data for the sample problem are shown in the
following IBM data form sheets.
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The machine printout fov regicu lII immediately follows the data
sheets, The complete solution (i.e., ng = 0and 1 combined) i3 shown foxr
0 = 0 and 90 degrees. To illustrate the graphical plots, results of particular
quantities of regions II and IV are shown following printous. Some results
for regions I, Il were discussed in Section 3. 4,5 on output form.

3.7 UTILITY SUBROUTINES

3.7.1 MAD, MSU, MMY, INV

These four subroutines perform matrix addition, subtraction, multi-
plication, and inversion, respectively., They are extremely simple ia their
approach and must be recompiled to change dimensions for use in other
decks., There are no error indications given other thar the usual NAASYS
trapping information for underflows, overflows, and divide checks. When
data have been entered correctly, these subroutines will present no problems.

3.7.2 DINTRP, ENTERP

These subroutines perform linear double and single interpolation.
DINTRP makes use of ENTERP in interpolation for values along a particular
curve.

In DINTRP, when the fir<t argument is not bounded Ly the given table
(curves), the statement
"ARGUMENT EXCEEDS EXTENT OF TABLE IN DINTRP, "
is printed, followed by
ARGUMENT = {1 PE 12, 4)
TABLE VALUES (printed 6/line)
and the job is terminated.

When the argument in the single interpolation subroutine, ENTERP,
exceeds the limits of the table, the routine selects the value at either end of
the table and coniinues after printing

"LIMITS OF TABLE EXCEEDED BY ARGUMENT = {1 PE 12. 4)

(1 PE 12,4) = VALUE USED FROM TABLE"

Values entered in the tables should always be given in increasing

algebraic order, both in terms of the numbers used to designate eack curve
of the farnily, and the values assigned to the points along the curve..
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3.7.3 CODIMA
CODIMA is a curve-fitting subroutine has the following properties:

1. ne straight portions of any curve defined by three points on a
atoarght line, a stra  ht line will be fitted.

2. To the smooih portion of any curve, a smooth curve will be fitted.

3. The method maintains continuous first derivative except at the
ends of a straight segment,

4. The methea will fit curves with "corners" or "sharp turns" without
the large deviation usually found in other methods.

~ An interpolatior method is developed in such a way that some of the
considerations taken when an engineer fits a curve with a french curve are
formulated. This is the CODIM (controlled deviation interpolation method)
concept.

The method will interpolate in a more engineering manner in the
following respects:

1. The first acrivative is continuous except at the ends of straight
segmer*- defired by three points on a straight line.

2. No large deviation will be found when slope changes are large.

3. Ability.-to change value and slope rapidly,

~

4. Ability to fit straight lines on straight line port’ -s of the curve
and fit smooth arcs through the smooth portions of the curve.

The method fits a polynomial through an interval with information
given by ''previous poiats'" (points to the left) and another polynomial through
the interval with information given by "'subsequent points" (points to the
right). These two polynomials are then compared for compatibility., If they
differ, a weighted average of the polynomials is taken in such a way that the
polynomial that deviates less from the straight line connecting the points
defining the interval is given more weight. for simplicity, parabolas are
used over higher-degree polynomials in the CODIMA version,

3.7... STCOMB

STCOMP is used to combire the station numbers at which the thick-
nesses are enteced in the DAL data region with the station numbers for the
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inner and outer layer temperatures (set up in DATLDS) to form a common
set of stations to be used in the computations for DNAX, D, EK, ENT, and
EMT.

3.7.5 CRTG

CRTG is a system of subprograms (some MAP compiled) designed to
enable a FORTRAN programmer to use the S-C 4020 CRT plotter for graphing
the types most frequently required in engineering and scientific applications.

The ouiput is intended to be imitative of the results obtainable by hand
plotting on standard graph paper. Printed and graphical output may be
intermixed in any amount.

The system establishes a fairly natural correspondence between the
programmer's representation of data and its appearance on the graph. A
simple curve may be produced with one CALL statement. For complicated
graphs, the full power of FORTRAN may be used to aescribe the data.

Scaling is automatic and includes all curves on a graph.

The drawing of grids and placement of output on the frame are
automatic.

Some restrictions of CRTG are as follows:
1.  Requires an S-C 4020 to process the output

2, Requires NAASYS and the NAASYS library routines for the
S-C 4020

3. Uses the system CRT file, 'UNIT16'

4. Requires the use of nonstandard RETURN statements, a language
feature introducer with 7090/7094 FORTRAN 1V, Version 13

5. CRTG will fail to express applications that require unusual grids.

6. A special version of NAASYS library routine DXDYV is required.
This is included in the deck,

3.8 ERROR INDICATIONS, PITFALLS, RECOMMENDATIONS

Several of the error indications resulting from improper data input
have already been discussed., To reiterate, they were as follows:

1. A bad index on a DECRD card (Section 3. 4. 2}
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2. Omission of the negative sign on the last card of a data array
(Section 3. 4. 2).

3. Omission of some or all of the title cards (Section 3. 4. 4)

4. Limits of pressure . r temperature tables exceeded by arguments
wher using the indicator = 3 option (Section 3. 4. 7. 1).

One should be very careful to check the output from the program to
see that it corresponds to the input that he entered. Better yet, an independ-
ent check of input data may prevent a wasted run on the machine. In
addition to the four errors indicated above, such things as sign convention,
angle measurements, and compatibility of units are common pitfalls.
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APPENDIX IIIB
PROGRAM NOMENCLATURE

In this section are listed all variables that are used in the FORTRAN IV
program and their related definitions. The appropriate mathematical
equivalents from Section 1. 0. are included where applicable.

A

A 4-x-4 matrix, defined in Equation 66, Section 1. 12; constant
in conics computation

AO a Reference length (L)

A2 4-x-4 matrix, used to preserve A matrix for meridional
station 2

AZCdS Coszel. variable in conics computations

A2SIN Sinzel, variable in conics computations

AA2 Constant in conics cofnputation

ACOtS : Variable in parabola computation

ACA‘)SP COS(APHI), see APHI

Al » 4-x-4 matrix, used to preserve A matrix for bottom
discontinuity point

AlJl Used in computing X distance for general discrete points,
GEOM

AK Used in computing X distance for general discrete points,
GEOM ‘

ALF a Thermal expansion coefficient for N summations

ALF1 Thermal expansion coefficient data for material 1
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ALF2
ALF3
ALFA
ALFA2
ALFI
ALF
AM
AMB2
AMU
ANGSP

ANX

APB2

APHI
ASI

ASINP

ASN

ASSIN

AXL

jw

Thermal expansion coefficient data for material 2
Thermal expansion coefficient data for material 3
DEL/DPREV

ALFA %%2

Inner coefficient of thermal expansion/layer
Outer coefficient of thermal expansion/layer
Value of signed variable

A2 - B2 constant in hyperbola co- »>utation

Sign control variable in conics

Angle span for sphere-~toroid, GEOM

Angle between the generator and axis of revolution,
cone~cylinder, GEOM

A% + B? constant in ellipse computation

GEOM parameter for computing X distance in sphere-
toroid shape

4-x-4 matrix, used to preserve A matrix at top, for open
shell or discontinuity

SIN(APHI) see APHI

4-x-4 matrix, used to preserve A matrix at bottom, - for
open shell or discontinuity

2

Sin“g |, variable in parabola computation

Axial surface length

4-x-4 matrix, defined in Equation 66, Section 1. 12; constant
in conics
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B2

B2MSMS
BB2
BCD
BCIB
BCIBM
BCIT
BCITP
BOdsP
BETA
BETADP

BETAP
BI
BJR

BM

BMU

BPHI

BQ

4-x-4 matrix, usaod to preserve A matrix for station 2; also

used in stresses
Variable in hyperbola computation

BZ

Three title cards read in executive program

Boundary condition indicator, bottom, (i = N) SDA data
Boundary condition indicator, bottom, (i = N) GDA data
Boundary condition indicator; top (i = 1) SDA

Boundary condition indicator, top (i = 1) GDA
COS(PHI0), sphere-toroid, GEOM, see PHIO
Cylin&rical coordinate variable describing conics
Second derivative of BETA

Derivative of BETA with respect to angular variable of
BETA description

4-x-4 matrix, used to preserve B matrix for bottom
discontinuity

_ Index in conics when subdividing cylindrical coordinate

range
Value of signed variable
Sign control variable in conics

*

4-x-1 matrix, used to preserve solutiors for bottom
discontinuity point

First derivative of the membrane stiffness

GEOM parameter used in computing X distances for
sphere-toroid

Same as B2, see COMMON region, INTLD
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BS1

BSINP

BSN

BTA2

BTAP2

C2
CHI
CHI1
CHI2

CI

4-x-4 matrix, used to preserve B matrix at top, for open
shell or discontinuity

SIN(PHI0), see PHIO

4-x-4 matrix, used to preserve B matrix at bottom, open
shell or discontinuity

Variable in the conics option

Variable in the conics option

4-x-4 matrix, defined in Equation 66, Section 1. 12
4-x-4 matrix, used to preserve C matrix for station 2
4-x-4 discontinuity matrix, Equation 57

4-x-4 discontinuity matrix, Equation 58

4-x-4 discontinuity matrix, Equation 59

4-x~-4 matrix, used to preserve C matrix for bottom
discontinuity

Parabolic curve fitting subroutine (see page 178, Section 37, 3)
COS(ANX) used to compute WTH for cone-cylinder, GEOM
COS(ng) used in Fourier summing

4-x-4 matrix, used to preserve C matrix at top, for open
shell or discontinuity

' 4-x-4 matrix, used to preserve C matrix at bottom., for

open shell or discontinuity

Membra..é stiffness (dimensionless in program),

Equation 33

General data area, read in executive program
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DAL Secticn properties data/region, read in DATLYR subroutine

DATLDS Data loads subroutine sets PN, PFE, PTH, TBT, TTP
(pr2ssure and temperature loads)

DATLNK Regional data read subroutine, sub~executive program for
GEOM, DATI1.DS, DATLYR '

DATLYR Section properties subroutine

DDL Used in GEOM (2040)

DECRD Data read subroutine (see explanation page 79)

DEL A Interval size between meridional stations

DELZX 2. * DEL

DELSQ DEL %% 2

DELTH Circumferential increment for Fourier summing for loads

DENM Denominator for computing GAMA in GEOM subroutine

DENMP Denominator quantity for finite difference first derivatives
in discrete points option

DEN¢M Denominator for computing WFE in GEOM subroutine

DEN*MP Denominator for finite difference and derivatives in the

discrete points option

DINTRP Linear double interpolation subroutine

DIsl, 2, 3, 4 Discontinuity matrices formed at top discontinuity point in
PANDX

DLD Data area in DATLDS subroutine/region

DLR Used in GEOM (2060); intermediate radial increment in

d’screte point option

DLS Used in GEOM (2062); intermediate arc length increment in
discrete point option
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DLT Used in GEOM (2034); axial increment of input in discrete
point option

DNA Distance from neutral axis

DNA2 DNA for second surface where stresses are computed
DNAX DNA at combined thickness and temperature stations

DP al Derivative of the bending stiffness

DPREV DEL for previous region

E

E 4-x-4 matrix (see Equation 41)

EO Eo Reference Young's modulus (P/Lz)'

El ‘Modulus of elasticity for N summations

E2 El for second surface where stresses are computed

EC 4-x~-1 auxiliary storage matrix

ECX E.c Eccentricity of reference surface at discontinuity junction
El Inner modulus of elasticity/station/layer

EIFH Thickness indicator + 1 = constant all stations in a layer,

- 1 = discrete values given at THSTA

EJI 4-x-4 matrix, used to preserve J matrix for bottom
discontinuity (Equation 51) B & R

EK d Bending stiffness (dimensionless in program), Equation 34
EKK Number of regions
EKTH Fourier coefficient for bending distortion (Equation 24) B & R

ELAM2 A2 (HO/AO0) %% 2

ELAY Number of layers (six maximum)
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ELD

EM

EM1 Q
EMIN €
EM1X 9
EM2 H
EM3

EM3N A
EM3X

EM4 J
EM5 .
EMSN )
EM5X

EM6 f
EMAT
EMD Mp
EMFE mg,
EMFEP
EMFT meq
EMFTP
EMK

EMNI

4-x«]1 matrix used at top discontinuity point

Number of radii entered for discrete point geometry case

[t}

4-x-4 diagonal boundary force matrix (i = 1) (Equation 47)

4-x-4 diagonal boundary force matrix (i = N) (Equation 47)
EM] when read as data in GDA area

4-x-4 matrix (Equation 50)

4-x-4 diagonal boundary displacement matrix (i = 1)
(Equation 47)
4-x-4 diagonal boundary displacement matrix (i = N)

(Equatimn 47)

EM3 in GDA data area

4-x-4 boundary matrix (Equation 51)

4-x-1 boundary matrix (i = 1) (Equation 47)
4-x-1 boundary matrix (i = N) (Equation 47)
EMS in GDA data area

4-x%~1 boundary matrix (Equation 51)
Material indicator/layer (1, 2, or 3)
Moment at bottom discontinuity point
Bending moment per unit length, meridional direction
First derivative of EMFE

Bending morent, shear

First derivative of EMFT

Spring value-moment at location SPRL

EMIN, when read as data in GDA area
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EMT mg
EMTH my
EMTHP
EMTP

EN N

ENA1
ENAZ2
ENA3
ENE1
ENE2
ENE3

ENF n

ENFO

ENFE tg

ENFI
ENFR

ENFT tgo

EM3N, when read as data in GDA area

EMS5N, when read as data in GDA area

Temperature moment, Equation 36, Section 1.7

Bending moment per unit length, circumferential directiion
First derivative of EMTH

First derivative of EMT |

Number of meridional points/ 'reg‘i‘on'~ (iBQ nr.naxi-mum)

Number of thermal expansion coefficiénts given for first
material (10 maximum)

Number of thermal expansion coefficients given for second
material (10 maximum)

Number of thermal expansion coefficients given for third

material (10 maximum)

Number of Young's moduli given for first material
(10 maximum)

Number of Young's moduli given for secind material
(10 maximum)

Number of Young's moduli given for wiird material
(10 maximum)

Current Fourier component
Initial Fourier component

Fourier component for membrane force, meridional
direction

Subsequent Fourier components (10 maximum)
Fourier component print values (3 possible)

Fourier coefficient for membrane shear force
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ENMAT
ENGR

ENGT
ENQTH

ENT  tg
ENTERP

ENTH

E¢

F

F

FEFE &
FETH ¢
FETHP

FI

S
G

G2

Number of materials {3 maximum)
Number of gradient stations {10 maximum)

Number of st«‘ions for temperatures given in TBOT and
TTOP

Number of stations for thicknesses given in TH
(20 maximum)

Temperature load (nondimensional) Equation 35, Section 1.7
Single, linear interpolation subroutine

Number of theta values to use in Fourier summing for loads,
also Fourier coefficient for membrane force, circumferential
direction

Outer moduius of elasticity/station/layer

Constant data indicator. Use only when SUM = 0,

0. = no constants, - = all constants, + 1 = section propexzties

and ternperature loads constant, + Z = symmetrical pressure
loads, no temperature loads. SDA(1)

4-x-4 matrix, see (Equation 41} B & R
Fourier coefficient for rotation, meridional

Fourier coefficient for rotation, circumferential.

First derivative of FETH

4-x-1 matrix, used to preserve f matrix (Equation 51, .
SBection 1. 12) for bottom discontinuity poiit

4-x-1 matrix g in Equation 66, Section 1. 12

4-x-1 matrix, used to preserve g matrix for station 2, also
used in stresses



GA 4-x-4 matrix, G in Equation 41, Section 1.8

GAM Curreat GAMA value

GAM2 GAM %% 2

GAMA Y Geometry parameter at stations

GAMRX Intermediate variable for sign check

GDA Data area in GEOM subroutine/region

GECX Eccentricity of reference surface at bottom discontinuity
point

GEMK Spring value - moment

GE(l)M . Geometry subroutine

GEdMI GMI in SDA region

GI 4-x-1 matrix, used to preserve g matrix (Equation 66,

Section 1. 12 for bottom discontinuity point

GMI Geometry indicator. 1. = cone-cylinder, 2. = sphere-
toreoid, 3. = general discrete points

GPS! ¢ Angle of inclination at discontinuity (degrees)

GQ 4-x~1 matrix, used to preserve g matrix for station 2,
see G2 ’

GR Values of gradients at GSTA stations and internal
interfaces

GS1 4-x~1 matrix, used to preserve g mnatrix when I = 1 at open

boundary or discontinuity

GSN 4-x~-1 matrix, used to preserve g matrix when I = N at open
boundary or discontinuity

GSPRL Location of spring (one per region)

GSTA Temperature gradient stations (same for each interface)
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GUK
GVK

GWK

I

HO h

‘0—‘

I1

12
IBCB
IBCT
IBCX
IERR
IFR

iGM.

1G$

1JD

TD

Spring value - £ direction
Spring value - ¢ direction

Spring value - { direction -~

Reference thickness (inches)

4-x-4 matrix, used to preserve H matrix (Equation 51,
Section 1. 7) for bottom discontinuity point

Index, meridional station counter
Index
discrete point option
Index
Fixed point value for BCIBM
Fixed point value for BCITP
Fixed point value, either IBCB or IBCT
Error indicat‘or from matrix inversion subroutine

Counter, ENFOR subscript

Fixed point value for GMI

Computed GO TO index in DATLDS, EFN 420, = 1,

pressures, = 2, temperatures

’

DATLDS - subscript to send temperature values to TBT or
TTP PIX - index and subscript for forming an array of station
numbers; GECM - Index, discreie point option

Index

discrete point option
Index

- 285 -



1L

INAl, 2, 3
INC

INDC
INEl, 2, 3

INTLD

INV
IPRS
IRGN

ISDA

ISEC

ITB
ITBT

iTre

5

IXX

1Z

GEOM - DO index for EFN 80

DATLDS - TLOC cubscript to pick up NDSTA for next
ENF/load increment = 1

Fixed point form of EWAl, 2, 3

Increment between temperature stations

Fixed point form of loads indicatcrs

Fixed point form of ENE1, 2, 3

Subroutine which computes deflections, internal loads and
stres-es

Matrix inversion subroutine
Fixed point form of PILD, the pressure indicator
Region number in argument list of GEOM subroutine

SDA location for storing pressures, incremented by PN
dimension

Region DO loop index in PANDX subroutine

TAB subscript for pressure tables, incremented by PNTB\
dimension

Fixed point form of TIBT, bottom surface temperature.
indicator

Fixed point form of TITP, top surface temperature
indicator

DATLDS - subscript used to store loads in SDA data area
PIX - DU loop index for region counter

Path indicatosr in INTLD for second interface stress
calculations

Fixed point form of material indicator/layer

Subscript for Z solution; used to step backwards through a
region
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{«

JI

JKL

JR

JTD

JTD}

KO

Kl

K2

KK

KLM

KP1

KS

KTPR

KTPW

DO loop index, DATLDS at EFN 440, etc.
DO leop index, GEOM at EFN 78

THETA 'subscript in SUMS subroutine
Index

Index ) discrete point option

Index

DO loop index, PANDX at EFN 265, etc.

Subscript for separating stations and values in DATLDS
tables o

Current table location in loads table

Upper limit of table values for present Fourier component
of load

SUMS - DO loop index, region counter; PIX - region
number read from tape and INTLD - DO loop index, region
counter; GEOM

Fixed point form of EKK, number of regions

Subscript for setting ENF to next ENFI value

DO loop limit in GEOM at EFN 78

Number of temperature stations set in DATLDS at EFN 312
Tape number 12 or 13 where SDA data is stored. On
subsequent passes during Fourier summing the number are

interchanged

Subscript of TAB used to pick up the number of staticns in

DATLDS

4
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L DO loop index, PANDX at EFN 265, etc.

Lo Set at zero to permit zero subscripting of P, X, and Z
matrices in PANDX and INTLD

Ll Lower limit in DO loop for computing FETH in INTLD
subroutine

LL DO loop index, SUMS at EFN 520

LSP Fixed point form of SPRL, spring location

M

M Fixed point form of EM, number of general discrete points in
GEOM

MAD Matrix addition subroutine

MLN Index; discrete point option

MM DO loop upper level for discrete point geometry, GEOM at
EFN 80 )

MM2 M—2

MMY Matrix multiplication subroutine

MSP Path indicator to skip stiffness calculations when there is

no change from previous case

MSU Matrix subtraction subioutine -

MT Fixed point form of the number of temperature stations,
ENOT

MTH Fixed point form of the number of thickness stations,
ENOTH

N

N Fixed point form of EN, the number of meridional
stations/region
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NFE

NLAY
NLAY1
NMAT

NN

N¢sTA

NGTP

NS
NSM
NTH
NTPR
NTPW

NX

$PEXQ

I

PO

PANDX

Number of meridional stations for Fourier summing of the
loads

Fixed point form of ELAY, the number of layers/region
Number of interfaces, ELAY + 1.

Fixed point form of ENMAT, the number of materials
DO loop upper level for RHOX calculation in GEOM
Fixed point form of ENOGR, number of gradient stations
Number of stations where loads are given

Tape number for Fourier components. 3 = several ENF's,
8 = one ENF value

DO loop index, region number counter, DATLNK at EFN 1
Index; discrete point option

Fixed point forms of ENTH, number of thetas to sum
Tape number 9 or 10 used during Fourier summing to
store sums/region/theta

Temporary save location wher interchanging NTPR and
NTPW

Optional error exit subroutine. Used to take square root of
the absolute value of a negative argument in GEOM

Three-dirensional array (Equations 4, 4, 150) used to store
the P matrices (Equation 74) at each meridional station/
region

4-x-4 matrix for P at the (N - 1)st station of previous region
Subroutine for generating the P and X matrices of

Equation 74
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PD PD
ere 5,
PFETB
PFEX
PFLAG
PHIO

PHIN

Pl

PILD

PIX
PIXI

PM

PéIx

PR}

PSI
PSI0 ¢,

Pressure 2t a point of discontinuity

Fourier component for load in the meridional direction
Data table of PFE values, DLD data area

Table location for PFE values for next Fourier component
Print indicator

Initial opening angle from vertical axis for sphere or toroid
Final opening angle from vertical axis for sphere or toroid
Determinant value, in argument list of INV Asubroutine

Pressure indicator for type of data in tables, see
explanation of DLD data

CRT subroutine

CRT indicator; plots curves when nonzero

COMMON location for preserving material properties data
Fourier component for load in the normal direction

Data table of PN values, DLD data area

Table location for PN values for next Fourier component
Poisson's ratio for the inner layer

Poisson's ratio for the second stress layer

Poisson's ratio/layer in DAL data area

Temporary storage location for POI in INTLD at EFN 1002

Intermediate variable for a sign check in GAMA computation
of discrete point option

Discontinuity angle at the bottom of a region (degrees)

Angle at which load is applied at discontinuity point (degrees)
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PSIM

ESIP

PTH Py
PTHI
PTHTB

PTHX

QFE fg

QTH %

|

RAl
RC

RCRV
RCRZ -

RCURYV
RCURZ

RFF

RH¢
RH(P

RHOX P

4-x-1 matrix, moment at discontinuity point

4-x-1 matrix, pressures at discontinuity point

Fourier compoaent for load in the circumferential direction
Path indicator for multiple case jobs

Data table of PTH values, DLD data area

Table location for PTH values for next Fourier component

Transverse force per unit length in meridional direction

Transverse force per unit length in circumferential direction

Normal distance from shell to axis
Radius of cone or cylinder at station 1
Radius of curvature of sphere or toroid

Interpolated station values of meridional radius of
curvature

Interpolated station values of circumferential radius of
curvature

Input values of meridional radius of curvature
Input values of circumferential radius of curvature

Standard form coordinate of conics offset from axis of
revolution

Current RHOX value set for each station in PANDX

First derivative of RHO

R/AO
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RIPT Discrete radii for general shell shape, GDA data area
RJ Intermediate radii for better curve fitting of RIPT

R(bFF Offset distance of center of curvature from axis of
revolution for toroids ;

RR Intermediate radius designation at stations for smoothing
in discrete points

RRJ Intermediate radius designation for smoothing in discrete
points '

5

S Followed by a number indicates a scalar quantity which is

used in several equations or is more efficiently defined out-
side a DO loop. The name of the subxoutine and nearest
external formula number (EFN) is given except for those
found in COMMON.

s1 COMMON, 1. - POI'DATLDS: 610, 700, 710

S2 COMMON, 1, + POI‘DATLDS: 405

S3 DATLNK: 20, 40, 305 DATLDS: 401 PANDX: 100, 410,
450, 900 INTLY: 490

S4 DATLNK: 20, 40 PANDX: 3, 50, 900 INTLD: 490

S5 DATLNK: 20, 50 DATLDS: 5, 622, 625 SUMS: 602
DATLYR: 335 INTLD: 490, 545 PANDX: 100, 410

S6 DATLYR: 335 PANDX: 50 INTLD: 512, 545, 553, 572

S7 DATLYR: 335 PANDX: 50 INTLD: 548, 549

S8 DATLYR: 335 PANDX: 100, 410, 900 INTLD: 548, 549

59 DATLYR: 347 PANDX: 100, 410 INTLD: 548, 549

S10 DATLYR: 305, 348 f’ANDX: 100, 410 INTLD: 548, 549

Sll DATLYR: 310, 348 PANDX: 100, 410 INTLD: 545, 575
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s12 DATLYR: 305, 347 PANDX: 430

$13 DATLYR: 305, 348 PANDX: 430 INTLD: 552, 559
S15 PANDX: 100, 140 INTLD: 548, 549
816 DATLYR: 348

817 DATLYR: 347

S18 DATLYR: 348

S20 INTLD: 490

Sil INTLD: 553

S22 "INTLD: 553

S91 DATLYR: 351

592 DATLYR: 351

593 DATLYR: 351

594 DATLYR: 351

$101 DATLYR: 360

S102 DATLYR: 360

5103 DATLYR: 360

S104 | DATLYR: 360

5105 DATLYR: 360

S106 DATLYR: 360

$107 DATLYR: 360

s$108 DATLYk: 360

SAKRB Discrete point option in GEOM

SDA Regional data area, all parameters used in PANDX, INTLD
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SGFE2
SGFT2
SHTH2
SIGO %
SIGFE %¢
SIGFT
SIGTH o9
SINFI
SINNT
SKIP

SL1

SL2

SPNO
SPNN
SPRL

5Q3

SQ4

5Q6

STA

STAP

STAW

Meridional stresses for chosen second layer

Shear stresses for chosen second layer

Circumfereutial stresses for chosen surface

Reference stress (psi)

Meridional strlesses for inner surface

Shear stresses for inner surface

Circumferential stresses for inner surface

SIN (ANX), uséd to computed R in cone=~cylinder, GEOM
SIN (ne). used in Fourier summing

Path indicator, = 1. for fictitious discontinuity, PANDX

Paih indicator, = 0, for printing when SUM=0,

Path indicator, = 0. after the first pass when summing
Initial opening angle of conics (station 1)

Terminal opening angle of conice (station n}

Location of spring, SDA (3)

Summing coefficient AG * SIGO/E0

Summing coefficient SIGO * HO *% 3/A0

Summing coefficient SIGO * HO

DATLDS, stations at which loads are givex in loads tables;

DATLYR, combined TSTA and THSTA

-Temporary array stations of apex interpolation in discréte

point option

Temporary array stations of apex interpolation in discrete

point option
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STAX
STCOMB
STN
STRI
STRIX

SUM

SUMN

SUMS

SURB

SURF

SURN

]

T2

TAB
TBT
TBTX
TBT

TEMP

Array of meridional stations, PIX

Subroutine to conbine thickness and temperat re stations
Temperature loads station numbers

Layer number for second stress print (other = inner surface)
STRI in DAL data area

Indicator, nonzero for multiple Fourier components

+ = summing, with prints at ENFOR values

-= dis_crete Fourier values, printed each time, no CRT

Auxil’ary array for summing current Fourier components
with previous sums

Subroutine which sums Fourier components and prints results

Arc lergth in intermediate arc length computation in
discrete point option

Arc length to station location

Arc length in intermediate arc length computation in conics
option )

Temperature change for N summations, SDA {1226)

T for second surface where stresses are computed,
SDA (2799)

Data tables for pressure and temperature loads

Loads table for the temperatures on the inner surface
Table location for TBOT values for next Fourier component
Temperatures for inner surface at STN stations, DATLDS

NFE-x-NTH loads array resulting from double interpolation
of data
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TH Thicknesses at stations, layers

THETA 0 Circumferential angles, ten maximum (degrees)

THETX Circumferential angles for summing loads

THEX Theta value read from tape, PIX

THK Thicknesses at combined stations (STA)/layer

THSTA Statior. numbers at which thicknesses are given

TIBT Temperature indicator, inner face (see explanation for DLD
data)

TITP Temperature indicator, outer race (see explanation for DLD
data)

Tchc Table locations, PFEX, PTHX, PNX, TBOTX, TTOPX

TMP ‘Temperatures at combined stations (STA)/layer

TMPA1l Temperatures a* which thermal expansion coefficients are

given, material 1

TMPAZ2 Temperatures at which thermal expansion coefficients are
given, material 2

TMPA3 Temperatures at which thermal expansion coefficients are
given, material 3

TMPE1 Temperatures at which Young's moduli are given, material 1
TMPE2 Temperatures at which Young's moduli are given, material 2
TMPE3 Temperatures at which Young's moduli are given, material 3
TSTA Station numbers at which temperatures are given

TTQP Loads table for the temperatures on the outer surface
TT(‘)PX Table location for TTOP values for next Fourier component
TTP ‘Temperatures for outer suzxiace at STN stations, DATLDS
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TX

I

UK
UP

USUM

VAL

VK
VSUM

WF

WFE
WFEN
WFEP

WFP
WFW

WK
wpP
WSUM

wT

Array used as temporary storage in DATLYR

Spring value in the meridional direction
First derivative of u deflection

Array which includes all Fourier sums

Loads values piclEed up from data tables
Spring value in the circumferential direction
First derivative of the V deflections

Array for summing V deflections

Intermediate designation of meridional curvatures in
discrete points option for smoothing

Nondimension\ail curvature in the meridionaldirection
WFE at last point, previous region
First derivative of WFE

Intermediate designation of meridional curvatures in the
discrete point option

Intermediate designation of meridional curvatures in the
discrete point option

Spring value in the normal direction
First derivative of the W deflection
Array for summing W deflections

Intermediate designation ¢.. circumferential curvatures in
discrete points for smoothing
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WTH oy

WTHD

|

X0

XD

XIPT

YM1

YM2

YM3

YMX

N

20

Current WTHD value

Nondimensional curvature in the circumferential direction

Two-dimensional array (Equations 4, 150) used to store the
X matrices (Equation 74) at each meridional station/region

4-%-]1 matrix for X at the (N -1)st station of the previous
region

4-x-4 matrix used at top discontinuity point
Discrete X distances, GEOM or arc lengths

Intermediate X distances for better curve fitting of
discrete points

X distance array used with R's to plot shell shape/region

4-x-4 matrix used at top discontinuity point

Young's moduli data, entered for TMPEI] temperatures,
first material

Young's moduli data, entered for TMPE2 temperatures,
second material

Young's moduli data, entered for TMPE3 temperatures,
third material

Constant Young's modulus when there are no temperature
loads '

Two dimensional array (Equations 4, 150) of solutions
(Equation 73)

4-x-1 matrix for Z at the (N -1)st station of the previous
region
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Zi1M1 Solution matrix for fictitious point before station 1

ZETA Intermediate cylindrical coordinates in conics option
ZNP1 Solution matrix for fictitious poirit after station N
ZTA Station interpolated cylindrical coordinates in conics option
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